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PART  /.  TIME  PERCEPTION 


Introduction 

JOHN  GIBBON 

New  York  State  Psychiatric  Institute 
New  York,  New  York  10032;  and 
Department  of  Psychology 
Columbia  University 
New  York,  New  York  10027 

LORRAINE  ALLAN 

Department  of  Psychology 
McMaster  University 
Hamilton,  Ontario,  Canada  L8S  4KI 


The  study  of  timing  and  time  perception  has  a  venerable  dual  history  in  experimental 
psychology.  Animal  psychologists  studying  learning  and  conditioning  have  investi¬ 
gated  extensively  the  timing  and  temporal  patterning  of  behavior  under  instrumental 
control.  In  the  psychophysical  tradition,  the  psychophysics  of  time  perception  in 
humans  also  had  early  attention  within  the  classical  study  of  the  limits  of  human 
sensory  capacity.  From  these  beginnings,  the  techniques  and  results  in  animal  and 
human  work  have  evolved  and  broadened  so  that  currently  there  is  a  burgeoning 
literature  in  animal  psychophysics  dealing  with  time  perception,  and  another  in  human 
timing  dealing  with  the  production  and  organization  of  temporal  patterns. 

The  first  part  of  this  Anna I  exemplifies  perhaps  the  greatest  overlap  of  these  two 
traditions.  The  papers  in  this  section  by  Stubbs  et  al.,  Eisler,  Gibbon  et  al..  and 
Wasserman  et  al.  present  studies  of  time  perception  in  rats  and  pigeons  that  bear  quite 
directly  on  similar  procedures  or  similar  theories  studied  previously  in  the  human.  It  is 
comforting  to  find  that  at  least  occasionally  similar  phenomena  emerge.  For  example, 
Stubbs  et  al.  report  that  pigeons,  like  humans,  judge  auditory  durations  as  longer  than 
visual  durations.  Further  extensions  of  this  trend,  perhaps  also  including  the  study  of 
human  time  perception  with  animal  techniques,  may  be  expected  in  the  future. 

Two  papers  are  from  the  classical  human  psychophysical  tradition  and  deal  with 
perceived  or  subjective  duration:  Jamieson  concentrates  on  providing  a  theoretical 
framework  for  the  time-order  error,  and  Allan  describes  two  contingent  duration 
aftereffects.  She  shows  that  these  differ  in  important  ways  from  the  McCollough 
effect. 

Another  paper  stems  from  the  study  of  human  information  processing.  This  is 
Schweickert’s  analysis  of  critical  path  networks.  His  representations  allow  a  determi¬ 
nation  of  the  temporal  position  of  decision  stages  during  processing. 

Three  of  the  papers  develop  models  of  time  perception.  They  are  good  examples  of 
the  ways  in  which  the  two  traditions  are  beginning  to  meld.  Kristofferson’s  real-time 
criterion  model  for  human  duration  discrimination  postulates  a  minimal  time  “quan¬ 
tum”  that  determines  all  of  the  variance  in  the  discriminal  process.  The  model 
presented  by  Hopkins  is  similar  in  postulating  central,  deterministic  (quantum)  delays 
for  response-stimulus  synchronization  performance  in  humans.  The  information- 
processing  model  developed  by  Gibbon  et  al.  is  applied  to  three  different  timing  tasks 
performed  by  animal  subjects.  This  account  regards  the  procedures  as  differing  in 
decision  and  memory  processes,  but  utilizing  the  same  central  clock  process.  The 
pacemaker  they  propose  for  the  internal  clock  bears  structural  similarities  to  the 
quantum  process. 

1 


3SN34X3  1N3NNM3A09  IV  030000*43*1 


Quantal  and  Deterministic  Timing 
in  Human  Duration  Discrimination 


ALFRED  B.  KRISTOFFERSON 

Department  of  Psychology 
McMaster  University 
Hamilton,  Ontario,  Canada  L8S  4KI 


When  we  began  to  study  duration  discrimination,  we  expected  it  to  give  us  rather  direct 
information  about  time  perception.  That  expectation  has  not  been  fulfilled.  Instead, 
our  “thresholds”  for  duration  seem  to  be  determined  by  our  ability  to  produce  a  time 
interval,  to  time  it  out  internally.  The  size  of  a  threshold  is  wholly  determined  by  the 
extent  to  which  repeated  attempts  to  time  out  a  fixed  time  interval  are  variable.1 

A  set  of  duration  stimuli  is  shown  at  the  top  of  Figure  1.  Each  stimulus  consists  of 
two  10-msec  auditory  pulses  separated  by  the  stimulus  duration,  D.  The  stimuli  differ 
from  each  other  only  in  D,  and  the  values  of  D  are  symmetrically  arranged  around  a 
midpoint  value.  The  midpoint  of  the  set  is  the  base  duration.  A  single  stimulus  is 
presented  on  a  trial  and  the  subject  is  asked  to  categorize  it  as  “long”  (/?£)  or  “short" 

{Rs).  Values  of  D  greater  than  the  midpoint  are  called  long,  and  the  decision  on  each 
trial  is  whether  P2  occurred  before  or  after  the  midpoint  value  of  D.  In  the  experiments 
to  be  reported  here,  the  subject  is  instructed  to  respond  as  quickly  as  possible,  and  the 
data  consist  of  response  probabilities  and  response  latencies  for  each  stimulus 
duration. 

The  general  hypothesis  is  pictured  in  Figure  IB.  On  each  trial,  Px  triggers  an 
internally  timed  interval,  /,  which  terminates  as  the  criterion  event,  C.  P2  triggers  a 
sensory  event  B2.  If,  as  shown  here,  C  occurs  before  B2,  then  a  long  response  is 
determined.  Short  responses  are  triggered  by  B2  whenever  it  occurs  first.  The 
discrimination  mechanism  is  a  race  between  the  two  response  triggers,  C  and  B2. 

The  two  kinds  of  responses,  therefore,  have  different  causal  histories,  as  shown  in 
Figure  1C,  RL  being  linked  to  P,  and  Rs  being  linked  to  P2.  Long  responses  should  be 
time-locked  to  P,  and  should  occur  at  the  same  time  for  all  stimuli,  that  is.  regardless  of 
the  time  of  occurrence  of  P2.  Rs ,  on  the  other  hand,  should  be  time-locked  to  P2.  These 
time-locking  predictions  are  a  major  test  of  the  hypothesis  and  they  have  been 
confirmed  experimentally.' 

Since  responding  is  speeded,  short  responses  are  direct  reactions  to  P:  and  might 
resemble  simple  reaction  times.  Long  responses  are  similar,  except  that  the  responses 
must  be  delayed,  and  RL  latencies  might  resemble  time  estimation  latencies.  These 
expectations  are  also  confirmed,  and  speeded  duration  discrimination  appears  to  be  a 
combination  of  simple  reaction  time  and  time  estimation,  in  which  one  kind  of  response 
occurs  on  a  trial,  the  other  being  countermanded. 

Practice  with  the  stimulus  set  adjusts  /  so  that  C  falls  near  the  midpoint  of  the 
stimulus  set.  The  lower  panel  in  Figure  1  displays  a  specific  model  in  which  the  times 
of  occurrence  of  Care  assumed  to  form  an  isosceles  triangle.  The  variability  in  C  is  due 
solely  to  variance  in  /,  the  afferent  latencies  having  zero  variance.  Therefore,  for  each 
D,  B2  is  a  fixed  point  which  divides  the  triangle  into  two  parts.  The  proportion  of  the 
area  under  the  triangle  to  the  left  of  B2  represents  the  probability  of  R,  for  that 
stimulus.  Knowing  the  probability  of  RL  for  two  different  stimuli,  both  of  which  have  a 
B2  within  the  triangle,  enables  one  to  calculate  the  quantum  size,  q ,  in  msec,  and  also 
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FIGURE  I.  Schematic  aids  for  the  real-time 
criterion  theory  of  duration  discrimination.  (A) 
a  set  of  duration  stimuli.  Each  pair  of  brief 
auditory  pulses  defines  a  stimulus  duration,  D. 
The  midpoint  of  the  set  (MP)  is  halfway 
between  D2  and  D ,  and  is  the  base  duration.  (B) 
the  general  hypothesis.  A  race  between  C  and 
B2  determines  which  response  will  be  made.  (C) 
causal  chains  for  the  responses  “long”  and 
“short,”  (D)  a  specific  quantal  model.  The 
times  of  occurrence  of  C  are  assumed  to  be 
distributed  as  an  isosceles  triangle  having  a 
base  equal  to  twice  the  size  of  the  time  quan¬ 
tum. 


Dc ,  the  stimulus  duration  for  which  B2  falls  at  the  mean  of  the  triangle.  With  a  little 
practice,  Dc  is  placed  near  the  midpoint  of  the  stimulus  set. 

We  have  shown  in  several  experiments  that  the  cumulative  form  of  the  triangle, 
which  is  a  fully  bounded  sigmoid,  is  a  satisfactory  description  of  the  psychometric 
function,  at  least  as  satisfactory  as  a  normal  ogive.2  4 

The  quantum  size  can  also  be  calculated  from  the  response  latencies,  giving  a 
completely  independent  estimate  of  that  parameter.  This  involves  assuming  that  the 
two  causal  chains  show  in  Figure  1  include  the  same  variance  sources  except  for  the 
component  C,  an  assumption  already  partially  stated  above.  Consequently,  the 
response  latency  variance  for  RL  is  greater  than  that  for  Rs  by  an  amount  q:/6. 

The  experimental  tests  that  have  been  reported  so  far  confirm  all  of  the  expecta¬ 
tions  described  above.'  Those  experiments  employed  a  single  stimulus  set.  with  a 
midpoint  of  1 1 50  msec,  and  one  purpose  of  the  experiments  to  be  described  now  w  as  to 
perform  the  same  tests  using  other  base  durations.  If  the  value  of  q  is  different  at 
another  base  duration,  then  the  magnitude  of  the  change  in  q  should  be  the  same  when 
it  is  calculated  from  response  latencies  as  it  is  when  calculated  from  response 
probabilities. 

The  value  of  q  is  a  function  of  base  duration,5  and  the  form  of  the  function  is 
embodied  in  a  doubling  rule:  Doubling  or  halving  base  duration  a  given  number  of 
times,  doubles  or  halves  q  the  same  number  of  times.  This  is  illustrated  in  Figure  2. 
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In  these  experiments  responding  was  not  speeded,  latencies  were  not  measured,  and 
the  values  of  q  were  calculated  from  response  probabilities  only.  Twenty  consecutive 
sessions  were  conducted  at  one  base  duration  before  changing  to  another  base  duration. 
The  dashed  line  shows  performance  during  the  first  five  sessions  at  each  base  duration, 
with  the  data  points  omitted  here.  Early  in  practice,  q  is  directly  proportional  to  base 
duration.  Since  the  standard  deviation  of  the  discriminal  process  is  0.41  <7,  the  dashed 
line  indicates  that  the  ratio  of  S.D.  to  mean  is  constant  at  0.053  during  the  first  few 
sessions.  This  agrees  closely  with  the  ratio  of  0.05-0.06  obtained  by  Getty.6 

The  data  points  and  the  line  segments  fitted  to  them  in  Figure  2  show  performance 
during  sessions  18-20.  There  is  a  practice  effect  which  is  specific  to  each  base  duration 
and  which  is  large  at  some  base  durations  and  small  at  others.  As  a  consequence  of 
practice,  steps  unfold  from  the  dashed  line  in  such  a  way  that  the  doubling  rule  is 
preserved.  There  appear  to  be  steps  at  200,  400,  and  800  for  this  subject,  with  the 
quantum  size  doubling  at  each  step. 

However,  if  in  the  limit  this  is  a  step  function,  then  that  limit  has  not  been  reached 
in  20  sessions  because  the  steps  clearly  slope  upward  slightly,  and  all  by  about  the  same 
amount.  A  second  major  purpose  of  the  present  experiments  was  to  determine  whether 
the  steps  become  flat  with  even  larger  amounts  of  practice. 

It  is  necessary  to  insert  a  methodologic  note  at  this  point.  In  measuring  latencies, 
one  finds  two  additional  powerful  sources  of  variance  which  complicate  matters.  One  is 
competition  between  responses  when  two  overt  responses  are  used.  We  use  a  “go-no 
go”  procedure  in  which  the  response  may  signal  “long"  and  no  response  “short”  in  a 
particular  experiment,  or  the  reverse.  This  doubles  the  running  time,  but  solves  the 
problem.  The  second  source  of  extraneous  variance  arises  from  properties  of  the 
response  triggers  C  and  Bv  Each  of  them  triggers  its  own  response,  and  each  also 
inhibits  the  opposite  response.  When  Cand  B1  occur  in  close  succession,  the  first  one 
determines  the  response  outcome,  but  the  second  one  perturbs  the  latency  of  that 
outcome.  Hence,  a  minimum  time  separation  must  be  assured  between  the  two  triggers 
in  order  to  solve  this  problem,  as  will  be  shown. 


FIGURE  2.  Quantum  size  as  a  function  of  base  duration.  The  dashed  tine  represents  the  results 
obtained  with  no  prior  practice.  The  points  show  the  results  that  follow  17  sessions  of  practice  at 
each  base  duration.  (From  KristofTerson.5  Reprinted  by  permission.) 
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Extensive  data  have  been  published  that  were  obtained  with  me  as  the  experimen¬ 
tal  subject.15  I  am  also  the  subject  in  the  experiments  to  be  described  now,  and  it  is 
possible  to  make  quantitative  predictions  against  which  to  compare  these  new  data.  In 
the  1977  experiment,  the  base  duration  was  1 150  msec  and  speeded  responding  was 
used.  The  obtained  value  of  q  calculated  from  the  response  probabilities  was  95.3.  The 
measured  latency  variance  for  Rt  was  1799  and  that  for  Rs  was  279  and  the  difference 
between  these  yields  the  second  estimate  of  q,  which  is  95.5.  Therefore,  with  an 
estimated  q  =  95.4,  the  two  previously  measured  latency  variances,  the  doubling  rule, 
and  the  supposition  that  the  steps  are  flat  in  the  quantal  step  function,  a  basis  is 
provided  for  calculating  predicted  values  at  other  base  durations. 

When  the  base  duration  is  280  msec,  as  it  is  in  the  first  three  experiments,  q  should 
be  on  the  25-msec  step  and  its  predicted  value  is  23.9.  Figure  3  shows  the  predicted 
distribution  of  C centered  at  280  and  with  a  base  of  48  msec.  The  durations  of  S:  and  5, 
were  fixed  throughout,  as  indicated  by  the  small  arrows.  In  Experiment  1,  the  response 
was  Rl  and  the  duration  of  S4  was  varied  over  the  indicated  range,  with  S,  fixed  at  245. 
In  Experiment  2,  the  response  was  Rs  and  5,  was  varied,  with  S4  fixed  at  305. 

After  sixty  sessions  of  practice  under  the  conditions  of  Experiment  1,  38  sessions 
were  done  with  D4  set  at  a  different  value  from  session  to  session  so  that  each  of  the  1 9 
values  of  D4  were  measured  twice.  For  Experiment  2,  the  response  was  changed  to  Rs 
and  80  practice  sessions  were  run  with  Z),  set  at  255,  five  sessions  at  250,  and  so  on, 
down  to  220.  The  parameters  of  the  triangle  calculated  from  the  response  probabilities 
actually  obtained  in  Experiments  1  and  2  are  also  plotted  in  Figure  3.  The  span  of  the 
triangle  is  unaffected  either  by  the  variation  in  S,  and  S4  or  by  the  change  in  the 
meaning  of  the  response.  The  centering  of  the  triangle  is  slightly  affected,  but  the  total 
effect,  amounting  to  only  1%,  can  be  ignored  for  present  purposes. 

The  predicted  value  of  q  is  indicated  by  the  dashed  line  in  Figure  3.  It  agrees 
almost  exactly  with  the  mean  of  the  obtained  values,  both  being  23.9  msec. 

The  latency  variances  are  shown  in  Figure  4.  When  S,  or  S4  are  close  to  the 
triangle,  their  latency  variances  are  greatly  inflated  due  to  the  temporal  proximity  of  C 


FIGURE  3.  Experiments  1  and  2.  The  base  duration  was  280  msec  and  the  triangle  is  the 
predicted  distribution  of  C,  centered  at  280  and  having  a  base  of  48  msec.  D:  -  267,  D}  ~  293 
Experiment  1  varied  only  the  duration  of  S4  over  the  range  shown.  In  Experiment  2.  only  D ,  was 
varied.  The  obtained  values  of  Dc  and  q,  calculated  from  the  response  proportions  for  S2  and  .S',, 
are  shown  above.  The  dashed  line  is  the  predicted  value  of  q. 
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FIGURE  4.  The  same  as  Figure  3,  except  that  the  data  plotted  here  are  the  response  latency 
variances  for  Rs/S,  on  the  left  and  RJS,  on  the  right  The  four  values  for  S«  <  3 1 0  are  not  shown; 
they  are  off  the  scale.  As  B2  approaches  the  triangle  from  either  direction,  latency  variance  is 
greatly  increased,  but  when  B2  is  more  than  25  msec  from  the  nearest  C,  the  latency  variance  is 
close  to  the  predicted  level,  shown  by  the  dashed  lines. 


and  B2-  The  size  of  the  effect  is  roughly  the  same  above  and  below  the  triangle  and  it 
extends  about  25  msec  from  the  triangle  in  both  directions.  This  suggests  that  the  two 
response  triggers,  C  and  B2,  must  be  separated  by  25  msec  or  more  to  avoid  latency- 
interaction  between  them.  It  is  important  to  add  that  within  the  two  25-msec  windows, 
the  latencies  are  affected,  but  response  errors  are  not;  the  correct  responses  are  given 
100%  of  the  time  to  stimuli  within  these  windows. 

The  predicted  latency  variances  are  indicated  by  the  dashed  lines.  The  RL  variances 
were  1 799  when  the  base  duration  was  1 1 50;  here,  when  the  base  is  280,  they  are  much 
smaller,  averaging  388  for  the  points  more  than  25  msec  from  the  triangle.  This  agrees 
well  with  the  predicted  variance,  which  is  374. 

The  short  response  variance  is  affected  very  little  by  the  change  in  base  duration 
from  1 1 50  to  280.  It  was  very  low  at  1 1 50,'  and  it  appears  to  be  slightly  greater  at  280. 
To  determine  its  level  more  precisely,  an  additional  75  sessions  were  added  to 
Experiment  2  with  the  duration  of  5,  fixed  throughout  at  a  value  that  places  it  exactly 
25  msec  below  the  left  corner  of  the  triangle.  The  main  results  are  presented  in  Figure 
5.  The  value  of  q  given  by  the  response  probabilities  is  stable  and  averages  23.8.  There 
is  a  small,  slow  additional  practice  effect  on  the  latency  variance.  After  35  sessions,  the 
variance  becomes  extremely  stable  around  a  mean  value  of  280,  the  same  as  that 
reached  when  the  base  duration  was  1 1 50. 

These  experiments  confirm  the  real-time  criterion  theory  for  short  durations. 
Changing  base  duration  from  1 1 50  to  280  msec  reduces  the  variance  of  the  discriminal 
dispersion  and  the  variance  of  the  long-response  latencies  by  the  same  large  amount,  an 
amount  equal  to  that  expected  due  to  the  change  in  quantum  levels.  The  variance  of  the 
short-response  latencies  is  unaffected.  However,  these  results  do  not  inform  us  about 
the  flatness  of  the  quantal  steps.  The  next  experiment  was  done  for  that  purpose. 
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FIGURE  5.  Experiment  3  (a  continua¬ 
tion  of  Experiment  2  with  all  stimulus 
durations  fixed  for  75  sessions).  D,  was 
set  at  305.  D,  was  set  at  235,  which 
placed  25  msec  from  the  lower  cor¬ 
ner  of  the  triangle  when  5,  was  pre¬ 
sented.  Upper  graph:  q  calculated  from 
response  proportions  for  S2  and  .5,. 
Lower  graph:  Latency  variances  for  Rs/ 
S ,.  The  dashed  lines  are  the  predicted 
values. 


FIGURE  6.  Experimental  results  at  base 
durations  of  560  (solid  lines)  and  750  msec 
(dashed  lines)  with  D2  -  534  and  Z>,  -  586  at 
560  and  D2  -  724  and  D}  -  776  at  750.  The 
horizontal  dashed  lines  are  the  predicted  lev¬ 
els.  which  are  the  same  for  the  two  base 
durations.  Upper  graph:  Estimate  of  q  based 
upon  response  probabilities;  lower  graph: 
latency  variance  of  Rt  on  S«  trials.  As  in  all  of 
the  experiments  reported  here,  errors  are  very 
rare  when  5,  or  S,  are  presented,  P(C)  being 
1.0  for  S,  and  0.999  for  S,  in  these  experi¬ 
ments. 


0  20  40  60 
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Two  new  base  durations,  560  and  750  msec,  both  selected  from  the  q<,0  step,  but 
widely  separated  on  that  step,  were  examined  next.  Seventy  sessions  were  conducted  at 
560,  followed  by  45  sessions  at  750  msec.  The  response  was  RL  throughout. 

Once  again,  prolonged  practice  produced  large  changes  in  performance  The  upper 
panel  of  Figure  6  shows  that  q,  as  obtained  from  the  response  probabilities,  is  the  same 
for  the  two  base  durations  after  a  few  sessions  of  practice.  It  diminishes  in  value  for 
about  35  sessions,  thereafter  averaging  48.6  at  560  and  47.3  at  750  msec,  as  compared 
to  the  predicted  level  of  47.7  indicated  by  the  horizontal  dashed  line.  The  response 
latency  variances  (in  the  lower  panel)  are  more  erratic,  but  after  35  sessions  they 
average  791  for  the  shorter  base  duration  and  646  for  the  longer,  compared  to  the 
predicted  level  of  658. 

For  the  next  experiment  the  base  duration  was  1500  msec,  a  duration  that  is  both 


u 

s 

E 


FIGURE  7.  Results  for  60  consecutive  ses¬ 
sions  at  a  base  duration  of  1500  msec. 

Solid  line  Estimate  of  q  calculated  from 
response  probabilities  for  S2  and  S3; 
dashed  line:  estimates  calculated  from 
latency  variance  of  RL  on  trials,  using 
279  msec3  as  the  latency  variance  of  Rs 
(see  text).  The  horizontal  dashed  line  is 
the  predicted  level.  D2  =  1448;  D,  =  1 552.  SESSIONS 


long  and  is  also  situated  near  the  high  end  of  its  quanta!  step,  in  this  case  the  qm  step. 
A  large  practice  gain  is  needed  to  unfold  this  location  on  the  step  from  the  Weber's  law 
line. 

The  results  of  a  60-session  series  at  1 500  are  presented  in  Figure  7.  The  solid  line 
shows  the  response  probability,  q.  The  latency  variance  for  S4  has  been  transformed 
into  its  associated  value  of  q  and  that  is  indicated  by  the  dashed  curve.  The  practice 
effect  is  large  and  the  two  independent  measurements  of  q  are  very  similar  throughout 
practice.  This  suggests  that  the  practice  effect  is  solely  a  reduction  in  the  variability  of 
/. 

While  the  practice  gain  is  large  and  relatively  rapid  during  the  first  25  sessions,  it  is 
obviously  not  complete  after  the  usual  35  sessions,  or  for  that  matter  even  by  session  60. 
The  predicted  level  is  approached,  but  not  attained.  During  the  final  five  sessions,  the 
error  of  prediction  is  11%. 
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The  final  experiment  in  this  series  had  two  purposes.  There  is  the  obvious  question 
about  the  existence  of  a  qM 0  level  and  a  step  up  to  that  level  near  a  base  duration  of 
1600.  To  find  out,  a  base  duration  of  1800  msec  was  studied  next.  This  base  duration 
would  be  close  to  the  lower  boundary  of  the  step,  if  one  exists,  and  the  practice  effect 
should  be  minimal  for  that  reason,  even  though  the  base  duration  is  even  longer  than 
the  1500  of  Figure  7. 

Twenty  sessions  were  sufficient  to  answer  both  questions  in  the  affirmative,  as 
Figure  8  demonstrates.  Unlike  previous  figures.  Figure  8  plots  single-session  values. 
The  solid  circles  show  q  as  calculated  from  response  probabilities,  and  the  open  dots 
indicate  q  as  calculated  from  the  latency  variance. 

A  stable  limit  is  achieved  after  only  two  sessions  of  practice.  The  line  in  the  figure  is 
fitted  to  all  of  the  data  points  after  session  2,  and  its  slope  is  0.077.  The  two 
measurements  of  q  agree  closely,  both  averaging  204. 

This  result  suggests  that  the  doubles  set  of  q  should  be  expanded  to  include  q:m  and 
that  the  quanta!  principle  need  not  be  confined  only  to  very  brief  time  periods. 

The  doubling  hypothesis  predictions  discussed  above  have  fared  quite  well  for  the 
various  base  durations  that  have  been  investigated.  Taken  together,  the  results  show 
that  in  the  limit,  the  quantal  steps  of  the  base  duration  function  do  become  flat.  This  is 
summarized  in  Figure  9,  where  the  results  of  the  various  base  durations,  including 
1150,'  are  brought  together  on  a  single  step,  the  q ^  step,  by  applying  the  doubling  rule. 
For  example,  the  points  plotted  here  at  the  450-base  duration  are  from  the  base 
duration  of  1800,  with  both  1800  and  the  obtained  values  of  q  halved  twice. 

Only  those  experiments  in  which  the  response  was  RL,  and  in  which  placed  B: 
more  than  25  msec  above  the  triangle,  are  included.  In  all  cases,  the  amount  of  prior 
practice  at  the  base  duration  is  large,  dt  least  35  sessions,  except  for  the  1800-base 
duration,  as  pointed  out  above. 

The  solid  circles  show  the  value  of  <750 calculated  from  the  response  probabilities  for 
S2  and  S3.  The  open  circles  show  the  values  calculated  from  the  RL  latency  variance  for 


FIGURE  8.  Twenty  sessions  at  a  base 
duration  of  1 800  msec.  Solid  circles .  <7 
calculated  from  response  probabilities 
for  S2  and  St;  open  circles:  q  calculated 
from  response  latency  variance  on  S, 
trials.  The  solid  line  is  the  least-squares 
line  fitted  to  all  of  the  data  after  session 
2;  it  has  a  slope  of  +6.077.  /),  1 700: 

Dy  -  1900. 
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TRANSFORMED  BASE  DURATION  (msec) 

FIGURE  9.  Summary  of  all  experiments.  The  data  points  show  the  best  estimate  of  q  after  at 
least  35  sessions  of  practice.  Solid  circles:  q  from  response  probabilities;  open  circles:  q  from 
latency  variances.  All  base  durations  are  included  by  doubling  or  halving  both  q  and  base  duration 
so  as  to  bring  all  within  the  range.  The  solid  line  is  fitted  to  all  of  the  data  and  has  a  slope  of 
almost  zero.  The  upper  dashed  line  shows  performance  with  no  practice  and  the  lower  dashed  line 
shows  performance  with  1 7  practice  sessions  (both  from  Figure  2). 


S4,  using  279  as  the  estimate  of  Rs  latency  variance.  These  two  measurements  of  q 
agree  closely,  confirming  the  real-time  criterion  theory  over  the  full  range  of  base 
durations. 

The  solid  line  is  fitted  to  all  of  the  data  points  and  its  slope  is  close  to  zero, 
indicating  that  the  steps  do  become  flat  with  sufficient  practice.  The  upper  dashed  line 
shows  the  result  obtained  with  little  or  no  practice  and  the  middle  line  the  result 
obtained  after  17  sessions  of  practice.5  With  increasing  practice,  the  steps  unfold 
progressively  and  finally  become  flat.  The  hinge  is  very  close  to  400  msec.  These 
experiments  were  done  at  various  times  during  a  10-year  period  and  the  mechanisms 
that  are  involved  appear  to  be  quite  stable. 


DISCUSSION 

When  the  time  quantum  concept  was  proposed  in  1 967,  the  supporting  experiments 
included  several  different  ways  to  measure  the  quantum  size,  each  of  which  gave  a 
value  near  50  msec.7  Later  experimental  work  gradually  revealed  that  if  the  concept 
were  to  be  retained  with  some  degree  of  generality,  values  other  than  50  would  have  to 
be  accepted.  For  example,  under  certain  conditions,  successiveness  discrimination 
functions  appeared  to  require  a  mixture  of  quantum  sizes  of  50  and  100.* i:  Also,  our 
initial  work  on  duration  discrimination  gave  us  values  of  25  as  well  as  50  (Ref.  2). 
There  were  other  such  instances. 

The  step  function  in  duration  discrimination  described  above  is  the  first  single 
function  to  reveal  a  full  range  of  quantum  sizes.  The  permissible  values  form  a  doubles 
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set  extending  from  12  to  200  msec.  The  two  end  values  of  this  set  are  not  yet  firmly 
established  by  multiple  operations  and  their  status  is  tentative. 

The  step  function  has  a  second  important  implication.  Since  the  steps  have  flat 
treads,  deterministic  timing  appears  to  be  involved.  For  example,  for  all  base  durations 
between  200  and  400  msec,  q  -  25.  Changing  the  base  duration  changes  the  mean 
value  of  the  internally  timed  interval,  /  (see  Figure  1).  Since  q  expresses  the 
variability  of  /,  the  conclusion  is  that  the  mean  of  /  can  be  changed  without  affecting  its 
variance.  Within  limits,  the  timing  of  /  is  deterministic.  When  q  =*  25,  deterministic 
timing  up  to  at  least  400  msec  is  possible. 

This  is  our  second  report  of  deterministic  timing.  The  first  appeared  several  years 
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DEVIATION  FROM  MODAL  BIN  (mstc) 

FIGURE  10.  Two  distributions  of  response  latencies  in  response-stimulus  synchronization.  Solid 
line:  mean  -  547,  S.D.  -  12,  N  -  600;  dashed  line:  mean  -  307.  S  O  -•  12.  .V  -  900  (from 
Kristofferson.*  Reprinted  by  permission.) 


ago  in  experiments  on  response-stimulus  synchronization.’  There  too.  the  upper  liir.it 
was  found  to  be  400  when  q  is  25.  Sample  data  are  shown  in  Figurf  10. 

Two  distributions  of  latencies  for  a  response  initiated  by  a  brief  auditory  pulse  are 
plotted  in  Figure  10.  The  two  distributions  appear  to  be  identical,  but  actually  they 
differ  in  one  respect:  one  has  a  mean  of  300  msec,  while  the  mean  of  the  other  is  550 
msec.  The  mean  latency  can  be  as  short  as  the  reaction  time  limit  (here,  about  160 
msec),  or  the  response  can  be  delayed  some  additional  time,  up  to  400  msec,  without 
changing  the  variance.  This  internally  timed  interval  can  be  set  at  any  value  between 
zero  and  400  and  give  this  result. 

The  quantum  size  here  is  25,  and  the  distributions  are  the  convolution  of  an 
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isosceles  triangle  having  a  base  of  50,  with  a  low  variance,  efferent  delay  distribution 
having  a  standard  deviation  of  about  6  msec.  A  separate  means  of  assessing  the 
efferent  delay  variance,  which  agrees  with  this  estimate,  is  provided  by  the  theory  and 
data  developed  by  Alan  Wing  concerning  interresponse  timing.10 

These  distributions  describe  the  latencies  of  an  element  S-R  chain.  They  have 
variance  less  than  that  of  simple  reaction  times  by  a  factor  of  4  or  more."  They  have 
been  obtained  for  quantum  sizes  of  50  (Ref.  9),  25  (shown  above),  and  1 2  (Ref.  1 1 ). 
The  last  value  provides  some  additional  evidence  for  a  1 2-msec  quantum  size.  Gordon 
Hopkins  will  pursue  this  in  greater  depth,  including  the  convolution  interpretation 
mentioned  above,  in  this  volume. 

The  duration  discrimination  step  function  extends  our  description  of  deterministic 
timing  by  showing  that  the  upper  limit  of  deterministic  timing  is  not  merely  the  single 
value  of  400  msec.  Instead,  the  upper  limit  changes,  depending  upon  the  value  of  q  that 
is  in  effect.  For  example,  when  q  is  12,  the  upper  limit  is  100,  and  when  q  is  100, 
deterministic  timing  occurs  out  to  1600  msec.  On  the  basis  of  these  data,  the  rule  seems 
to  be  that  the  upper  limit  of  deterministic  timing  is  16  times  the  current  quantum  size. 
This  encourages  the  view  that  quantal  timing  and  deterministic  timing  are  not  the 
result  of  completely  separate  mechanisms.  However,  1  resist  the  temptation  to  propose 
a  mechanism  for  two  reasons.  The  first  reason  is  obvious:  extensive  data  for  the  step 
function  are  available  so  far  only  for  the  single  subject  discussed  above.  The  second 
reason  is  that,  while  the  1 6-^jf  rule  did  also  hold  in  the  initial  synchronization 
experiments,  it  has  also  failed.  Hopkins  and  Kristofferson"  found  deterministic  timing 
to  an  upper  limit  of  at  least  400  with  q  in  the  1 2-msec  range. 

There  is  another  reason  to  be  cautious  when  generalizing  from  the  data  presented 
above.  The  difficulty  level  of  the  discrimination  is  determined  by  the  size  of  A/3.  the 
difference  in  duration  between  S2  and  5 ,.  While  I  am  confident  that  the  triangle  is  a 
good  description  of  the  discriminal  dispersion,  and  therefore  that  q  is  independent  of 
A/3  for  a  given  distribution  of  C,  I  cannot  say  that  the  value  of  q  attained 
asymptotically  with  practice  is  independent  of  ID.  When  A D  is  fixed  throughout 
practice,  as  it  was  here,  the  asymptotic  q  might  possibly  be  affected  by  the  value  of  A/3 
that  is  used.  This  possibility  must  be  investigated. 

The  quantum  size,  therefore,  can  no  longer  be  considered  a  single  value.  Instead,  it 
may  take  on  any  value  from  the  doubles  set.  There  is  no  compelling  evidence  that  it  is 
variable  beyond  that,  however.  I  point  this  out  because  some  of  the  graphs  presented 
herein,  such  as  those  that  show  the  apparent  gradual  decrease  in  q  with  practice,  may 
be  taken  to  imply  that  q  varies  continuously.  The  data  were  presented  this  way  for  ease 
of  exposition,  with  q  as  calculated  for  preasymptotic  sessions  meant  to  be  only  a  rough 
estimate  of  variability.  Actually,  we  do  not  yet  have  anything  more  than  guesses 
concerning  the  reasons  for  the  variance  reductions  observed  to  occur  as  a  result  of 
practice. 

A  few  empirical  principles  of  timing  are  beginning  to  take  shape.  My  ow  n  list  has 
only  three  entries,  followed  by  many  blank  spaces.  Two  are  the  quantal  and  the 
deterministic  principles  that  I  have  been  discussing,  and  there  is  also  a  statistical 
principle,  embodied  in  Weber's  law,  which  l  have  only  mentioned,  but  for  which  one 
can  find  a  substantial  amount  of  support. 

On  the  level  of  theory  we  arc  still  quite  unconstrained  so  far  as  general  directions 
arc  concerned.  My  own  preference  is  to  postulate  a  periodic  process  as  a  generator  of 
quantal  variability  and  to  use  the  deterministic  nature  of  the  periodic  process  to  explain 
deterministic  timing,  thereby  linking  the  first  two  principles.  Since  the  standard 
deviation  of  some  quantal  distributions  is  directly  proportional  to  quantum  size,  the 
third  principle,  Weber's  law,  could  also  be  brought  within  such  a  theory  by  postulating 
continuously  variable  quanta  in  some  parts  of  the  system. 
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Other  theoretical  directions  are  possible,  of  course.  To  take  an  extreme  example,  an 
essentially  probabilistic  model  could  be  constructed  to  explain  deterministic  timing. 
One  could  postulate  that  the  variability  of  the  added  delays  does  increase  as  the  mean 
increases  but  that  there  is  also  a  gradient  of  increasingly  negative  correlation  which 
just  balances  the  variance  increase.  That  does  not  seem  plausible  to  me,  but  it  is 
possible.  It  would  be  difficult  to  extend  such  a  model  to  explain  quanta!  doubling  and 
the  doubling  of  the  upper  bound  on  deterministic  timing. 

It  is  obvious  that  the  mere  fact  that  a  system  displays  temporal  regularities  docs  not 
mean  that  the  system  contains  dedicated  timing  mechanisms.  As  far  as  we  know,  the 
system  with  which  we  deal  may  contain  any  number  of  clocks,  including  none  at  all. 
The  empirical  principles  that  we  adduce  might  all  describe  nothing  more  than 
temporal  properties  of  the  system.  Whether  some  subset  of  the  principles  reflects  the 
operation  of  a  clock  or  clocks,  we  do  not  know. 

The  proposition  that  time  quanta  are  generated  by  a  periodic  process  does  not 
imply  the  existence  of  a  clock.  The  hypothesis  that  there  is  exactly  one  clock  that 
controls  timing  at  all  loci  in  the  system  seems  to  me  to  be  the  most  likely  candidate  for 
rejection.  One  reason  is  that  we  repeatedly  find  that  quantal  delays  at  different  loci 
fluctuate  independently  of  each  other.  (For  example,  the  triangular  distribution  is  the 
distribution  of  the  sums  of  two  identically  distributed  quantal  delays,  each  uniformly 
distributed,  only  if  the  two  quantal  delays  are  statistically  independent).  How  could 
that  be  so  if  a  single  clock  were  controlling  both  loci? 

Another  reason  is  to  be  found  in  the  analysis  of  the  response  “long”  in  the  real-time 
criterion  theory.  There  appear  to  be  two  pairs  of  quantal  loci  in  the  chain  between  the 
stimulus  (P,)  and  RL  (see  Figure  1).  One  pair  precedes  C  and  the  other  follows  C. 
Changing  base  duration  can  change  the  quantum  level  of  the  first  pair,  but  docs  not 
change  that  of  the  second  pair.  A  single  clock  would  have  to  be  able  to  generate  two 
frequencies  “almost"  simultaneously.  To  strengthen  this  argument,  we  need  to  find  out 
whether  two  real-time  criteria  can  be  timed  during  overlapping  periods  of  time  and  at 
different  quantum  levels. 

I  believe  we  are  being  pushed  in  the  direction  of  having  to  postulate  multiple  clocks. 
The  greater  the  number,  the  less  point  there  seems  to  be  to  talk  of  dedicated 
mechanisms,  and  we  will  be  left  where  perhaps  we  should  agree  we  now  are:  talking 
about  temporal  properties  of  the  system. 
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Over  the  past  few  years  I  have  been  investigating  the  remarkable  ability  of  human 
beings  to  accurately  anticipate  the  time  of  occurrence  of  a  predictable  sensory  event 
and  to  synchronize  an  overt  response  to  that  event.  Presumably,  this  type  of 
response-stimulus  synchronization  behavior  is  mediated  by  central  temporal  mecha¬ 
nisms  which  time  the  delay  required  to  trigger  the  response  such  that  it  occurs 
temporally  coincident  with  stimulus  onset.  In  our  examination  of  the  nature  and 
functioning  of  these  human  temporal  mechanisms,  a  major  aim  was  to  develop  special 
procedures  for  minimizing  response  latency  variances  to  facilitate  mathematical 
simulation  and  modeling  of  the  information-processing  stages  involved  in  this  type  of 
stimulus-response  chain. 

The  basic  task,  modeled  after  Kristofferson,'  is  diagrammed  in  Figure  1 .  On  each 
trial,  contact  of  the  subject’s  index  finger  with  a  small  touch-sensitive  switch  (/?,) 
generated  a  short,  variable  foreperiod  followed  by  presentation  of  two  brief  auditory 
stimuli,  P,  and  P2,  separated  by  a  short  time  interval,  referred  to  as  the  P,P:  interval. 
This  interstimulus  interval  was  fixed  for  each  subject,  but  varied  across  subjects  from 
3 10  to  550  msec.  The  subjects  were  instructed  to  anticipate  the  second  stimulus,  timing 
from  the  first  (P,),  in  order  to  trigger  a  finger  withdrawal  or  synchronization  response 
(/?,)  which  would  be  manifested  in  synchrony  with  onset  of  the  second  stimulus  (P;). 
Thus,  response  latency  was  measured  from  P,  onset  to  the  moment  when  the  subject’s 
finger  broke  electrical  contact  with  the  response  button.  Immediate  perceptual 
feedback  regarding  the  accuracy  of  response  was  available  to  the  subject  by  attending 
to  the  temporal  order  relationship  between  Rs  and  the  onset  of  P:.  In  addition,  a 
delayed  feedback  signal  was  provided,  in  the  form  of  a  third  auditory  pulse,  which  had 
a  duration  equal  to  the  error  of  synchrony,  the  time  difference  beween  Rs  and  P:  onset. 
The  direction  of  error  was  signaled  by  a  light  accompanying  the  delayed  feedback 
pulse  when  the  error  was  positive,  that  is,  when  R,  occurred  after  P2  onset. 

This  procedure  that  I  have  outlined  institutes  several  modifications  of  the  basic 
response-stimulus  synchronization  procedure  used  by  Kristofferson';  these  include  the 
use  of  subject-paced  trials  and  provision  of  highly  salient  feedback.  Also,  a  special 
technique  was  developed  that  involved  manipulation  of  the  foreperiod  between  R,  and 
P,  onset  in  conjunction  with  independent  deletion  of  each  of  the  stimulus  components 
in  a  trial  sequence.  This  kind  of  control  allowed  unambiguous  determination  of  the  role 
played  by  each  of  the  stimuli  in  maintaining  synchronization  performance. 

These  modifications  resulted  in  a  significant  reduction  in  the  lowest  previous 
estimate  of  response  latency  variance.  Minimum  variances  under  35  msec:  were 
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FIGURE  1.  Diagram  of  a  typical  synchronization  trial.  Spacing  of  trials  is  paced  by  the  subject's 
initiation  response,  R„  which  can  be  made  at  any  time  following  ready  signal.  FP  refers  to  the 
foreperiod  duration. 


obtained  and  the  data  indicated  that  response  latency  variance  was  independent  of 
mean  latency  over  the  range  of  synchronization  intervals  from  310  to  550  msec.  Within 
this  range,  latency  distributions  were  the  same,  symmetrical,  and  sharp-peaked,  with 
all  responses  contained  within  a  50-msec  time  window.  A  typical  response  latency 
distribution  exhibiting  these  characteristics  is  shown  in  Figure  2.  This  relative 
frequency  distribution  combines  1 500  response  latencies  obtained  at  a  P]P2  interval  of 
460  msec  and  is  plotted  using  a  bin  size  of  3  msec.  The  mean  is  46 1  msec  with  an  overall 
variance  of  35  msec.2  The  role  of  feedback  in  accurate  synchronization  performance 
was  also  examined,  using  the  manipulations  outlined  previously.  This  provided  data 
that  indicated  feedback  to  be  one  of  the  most  important  factors  /esponsible  for 
producing  and  maintaining  the  ultrastable,  low-variance  stimulus-response  latencies 
observed.  The  other  important  factor  appears  to  be  prolonged  practice  at  a  particular 
synchronization  interval. 

Results  of  these  studies  all  provide  support  for  KristofTerson's1  3  notion  of 
nonvariable,  centrally  timed  delays  which  can  be  inserted  into  a  stimulus-response 
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chain.  These  delays  are  easily  adjustable,  but  once  set,  are  deterministic.  The  aim  of 
this  presentation  is  to  examine  this  notion  in  the  response-stimulus  synchronization 
context,  to  formulate  a  mathematical  model  on  the  basis  of  the  data  obtained  from 
carefully  controlled  experiments,  and  to  try  to  develop  a  theoretical  framework  for 
conceptualizing  this  type  of  behavior. 

Several  models  have  been  proposed  to  account  for  the  various  timing  capacities  of 
the  human  central  nervous  system.  Many  of  the  mechanisms  incorporated  into  these 
models  hypothesize  a  “time  base"  of  some  sort  which  generates  a  succession  of 
temporal  cues  that  can  be  used  by  the  central  nervous  system  for  response  timing4  and 
for  controlling  the  gating  of  information  flow  from  one  central  stage  to  another.' 

In  some  models  the  internal  clock  varies  somewhat  in  rate,  causing  successive 
temporal  judgments  to  be  variable.  The  mechanism  for  timing  in  these  models  involves 
accumulating  clock  pulses,  during  the  duration  to  be  judged,  from  a  source  with 
identically  distributed  interpulse  delays.  In  Crcelman’s6  model  this  source  is  assumed 
to  be  Poisson-distributed,  whereas  for  Triesman,7  the  nature  of  the  distribution  is  not 
specified.  In  both  cases,  however,  the  models  predict  increasing  variance  in  temporal 
judgments  as  a  function  of  the  mean  interval  to  be  represented.  In  some  experiments 
the  results  suggest  an  increasing  linear  function  between  variance  and  mean/  whereas 
other  results  suggest  a  similar  relationship,  but  between  standard  deviation  and 
mean.8,9  In  any  event,  neither  model  is  appropriate  for  describing  the  current 
response-stimulus  synchronization  data  in  which  variance  and  mean  response  latency 
arc  independent  over  a  substantial  range  of  temporal  intervals,  suggesting  that  some 
kind  of  deterministic  timing  mechanism  might  be  involved. 

KristofTcrson1  proposed  a  deterministic  type  of  model  to  account  for  the  response 
stimulus  synchronization  performance  he  observed  in  his  experiments.  Latency 
distributions  revealed  a  simple,  homogeneous  stimulus-response  unit  that  was  the 
same  whether  the  mean  was  160  msec  or  550  msec.  KristofTcrson  proposed  that  the 
elementary  response  latency  distributions  observed  resulted  from  the  convolution  of 
three  independent  sources  of  variance  inherent  in  the  stimulus-response  chain. 

One  of  these  component  distributions  is  normally  distributed  and  represents 
variability  in  the  efferent  delay  between  the  time  when  the  response  is  triggered 
internally  and  when  the  overt  response  is  produced.  Afferent  latencies,  on  the  other 
hand,  are  assumed  deterministic  or  nonvariable.  Support  for  this  assumption  comes 
from  temporal  order  discrimination10  and  duration  discrimination  data.7 

The  other  two  sources  of  variance  are  assumed  to  be  identical  and  independent 
uniform  distributions  spanning  a  range  of  one  time  quantum.  When  convoluted,  these 
produce  a  triangular  distribution  spanning  two  time  quantum  units.  These  delays, 
according  to  the  model,  represent  variable  delays  in  the  processing  of  the  stimulus- 
response  chain,  but  the  exact  nature  or  locus  of  these  delays  is  left  unspecified.  Also, 
there  is  no  mechanism  proposed  to  account  for  the  assumption  of  independence 
between  the  quantal  units.  If  these  delays  result  from  the  operation  of  a  single  central 
mechanism,  which  gates  information  through  the  central  information  processor,  then  it 
is  difficult  to  explain  how  the  two  delays,  assumed  quantal  in  nature,  and  their 
associated  variances  can  be  considered  independent  because  they  presumably  are  both 
dependent  upon  the  same  nonrandom  underlying  process. 

Despite  these  criticisms,  Kristoffcrson's  model  docs  provide  quite  accurate  predic¬ 
tions  of  the  asymptotic  response  latency  variance  obtained  using  the  modified 
response-stimulus  synchronization  procedure  described  earlier.  These  predictions 
were  based  on  an  estimate  of  a  minimum  time  quantum  of  12  msec,  suggested  by 
some23  duration  discrimination  work,  and  a  minimum  efferent  delay  variance  of  10 
msec,2  based  on  interresponse  interval  timing  experiments."  The  model,  however,  was 
never  tested  for  its  “goodness-of-fit”  to  the  data.  Thus,  the  aim  of  the  rest  of  this 
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discussion  is  to  further  examine  new  empirical  data  relevant  to  specifying  characteris¬ 
tics  of  a  revised  model  of  anticipatory  timing,  to  outline  the  resulting  model  in  detail, 
and  to  provide  mathematical  support  for  the  model’s  ability  to  accurately  represent  the 
data. 

In  response-stimulus  synchronization,  variability  on  the  temporal  axis  can  arise 
from  several  possible  sources.  These  include  inconsistency  in  the  afferent  delay 
between  P{  onset  and  its  central  registration,  variability  associated  with  the  timekeep¬ 
ing  process  itself,  and  variance  in  the  efferent  delay  between  response  trigger  and  overt 
response.  However,  as  mentioned  earlier,  data  from  several  experiments  suggest  that 
afferent  latencies  in  this  task  can  be  considered  deterministic,  which  means  that 
although  the  afferent  delay  has  some  non-zero  value  associated  with  it,  the  variance  is 
negligible.  Thus,  only  variability  in  central  timing  and  output  of  the  response  need  be 
considered. 

In  the  model  being  developed,  the  central  and  motor  components  are  assumed,  on 
the  basis  of  several  pieces  of  evidence,  to  be  independent.  For  example,  an  analysis  of 
carefully  collected  interresponse  timing  data  conducted  by  Wing"  indicated  that 
response  latency  variance  was  basically  a  constant  and  was  independent  of  mean 
interresponse  interval.  Total  variance  increased  with  interresponse  interval,  but  this 
was  attributed  to  increases  in  variability  of  the  central  processing  component  responsi¬ 
ble  for  triggering  the  overt  responses. 

Further  support  comes  from  several  simple  and  delayed  reaction  time  (RT) 
experiments,  in  which  electromyographs  (EMGs)  were  taken  while  response  times 
were  measured,  after  which  calculations  were  made  of  the  correlation  between 
pre-motor  time  (time  from  onset  of  the  action  stimulus  to  EMG  onset)  and  response 
time  versus  the  correlation  between  motor  time  (time  from  EMG  onset  to  the  overt 
response)  and  response  time.  The  results  revealed  correlation  coefficients  close  to  zero 
between  motor  time  and  response  time,  indicating  independence  between  central  and 
motor  components.12  Also,  in  the  delayed  RT  situation,  the  EMG  activation  preceded 
the  overt  response  by  a  relatively  constant  interval  regardless  of  the  actual  response 
latency  produced.13 

A  similar  result  was  obtained  by  Michaels14  using  a  response-stimulus  synchroni¬ 
zation  paradigm  and  a  countermanding  procedure.  The  subject's  task  was  to  withhold 
the  synchronization  response  if  a  third  signal  occurred  during  the  PyPz  interval.  The 
data  were  proportions  of  correctly  countermanded  responses  as  a  function  of  the  time 
between  the  countermand  signal  and  P2  onset.  From  this  data  an  estimate  of  response 
trigger  timing  was  derived  and  the  results  indicate  that  the  trigger  always  precedes  P: 
onset  by  a  fixed  time  period,  independent  of  the  P,P2  interval. 

These  findings  lead  to  the  conclusion  that  manipulations  involving  anticipatory 
response  affect  only  the  central,  pre-motor  component  of  a  stimulus-response  chain  and 
argue  against  efferent  stages’  having  any  major  participation  in  timekeeping,  at  least  in 
this  rather  simplified  paradigm.  Obviously,  for  extended  chains  of  motor  behavior, 
timing  may  become  more  complex.  Tyldcslcy  and  Whiting"  among  others"*  w  have 
suggested  that  in  these  situations  some  “timing”  is  simply  a  byproduct  of  efferent  delays 
generated  by  each  motor  component.  However,  this  discussion  will  not  address  that  type 
of  timing. 

The  last  piece  of  evidence  in  support  of  the  notion  of  independence  between  central 
and  efferent  stages  comes  directly  from  our  synchronization  experiments.  Findings  of 
independence  between  response  latency  variance  and  mean  over  a  wide  range  of  P{P: 
intervals  strongly  suggest  the  existence  of  an  adjustable,  nonvariable,  central  delay 
mechanism  combined  with  a  constant  mean  efferent  latency.  This  is  so  because  if 
response  latency  was  lengthened  by  increasing  the  number  of  motor  components  in  the 
S-R  chain,  each  with  its  own  inherent  variability,  then  there  should  be  a  commensu- 
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rate  increase  in  variance.  But  this  is  not  the  case.  Consequently,  we  assume  that 
efferent  delays  are  distributed  with  constant  mean  and  standard  deviation  despite 
relatively  large  changes  in  the  overall  mean  response  latencies  produced  during 
synchronization  at  different  P]P2  intervals. 

The  last  point  to  be  discussed,  before  formulation  of  the  model,  concerns  the 
accuracy  and  variance  associated  with  the  motor  component  of  response  latencies.  The 
overt  response  is  simply  a  finger  withdrawal,  but  actually  several  motor  elements  are 
involved  in  producing  this  movement.  The  interesting  point  is  that  although  each  of  the 
underlying  elements,  when  measured  separately,  exhibits  a  rather  large  temporal 
variation,  the  outcome  of  their  joint  action  produces  a  response  well  defined  in  time. 
Meijers  and  Eijkman20  have  examined  this  apparent  paradox  and  offer  an  explanation 
based  on  the  macro-activity  required  for  the  motor  system  to  initiate  elementary 
movements.  They  show  that  execution  of  an  overt  response  requires  the  joint  effort  of 
many  elements  and  it  is  this  requirement  of  joint  activity  that  allows  the  remarkably 
small  stochastic  variation  observed  to  be  obtained.  This  is  accomplished  by  summation 
of  element  activities,  thereby  providing  a  better  time  definition  than  that  produced  by 
any  of  the  individual  activities.  In  other  words,  averaging  the  behavior  of  several 
elements  can  cancel  the  effect  of  individual  temporal  inaccuracies.20 

From  the  foregoing  discussion,  it  is  obvious  that  several  factors  must  be  considered 
in  formulating  a  mathematical  model  that  will  not  only  provide  a  good  representation 
of  the  data,  but  will  also  have  parameters  that  are  psychologically  relevant.  The  latter 
stipulation  is  important  because  without  it  the  model  will  have  little  utility  in 
generating  the  testable  predictions  needed  for  furthering  our  understanding  of  the 
internal  mechanisms  that  underlie  response-stimulus  synchronization  behavior, 
thereby  extending  existing  theory. 


THE  MODEL 

Consequently,  a  rather  traditional  approach  was  taken  in  formulating  the  model.  The 
approach  is  based  on  the  premise  that  if  the  data  are  stable,  then  any  stochastic 
processes  associated  with  delays  accrued  in  each  of  a  series  of  independent  processing 
stages  would  be  reflected  in  an  overall  distribution  of  response  latencies  given  by  the 
convolution  of  all  of  the  component  distributions. 

The  response-stimulus  synchronization  model  that  is  being  developed  is  similar  to 
Kristofferson’s,1  but  includes  some  modifications  and  extensions  in  an  attempt  to 
provide  a  locus  for  the  central  delays  incurred  in  processing  the  stimulus  -response 
chain  as  well  as  to  account  for  the  assumption  of  independence  of  the  central, 
stochastic  components.  In  describing  the  model,.!  will  employ  some  computer 
metaphors  to  facilitate  an  understanding  of  the  mechanisms  involved.  However,  the 
use  of  these  metaphors  is  purely  for  eclectic  reasons  and  should  not  be  construed  as 
implying  any  direct  analogy.  I  would  also  like  to  note  that  the  first  part  of  this 
discussion  assumes  that  a  steady-state  condition  exists  in  the  central  information 
processor.  Violation  of  this  assumption  will  be  dealt  with  subsequently. 

Figure  3  diagrams  the  modified  response-stimulus  synchronization  model.  The 
onset  of  Pt  is  a  sharply  defined  external  event,  although  its  sensory  effect  is  extended 
over  time,  as  shown  by  the  interval  labeled  afferent  latency.  This  latency  refers  to  the 
time  from  onset  of  the  peripheral  stimulus  until  an  internal  state  has  developed,  as  a 
result  of  P,  stimulation,  that  is  sufficient  to  exceed  some  criterion  and  trigger  the  next 
stage  in  the  information-processing  chain.  This  process  is  similar  to  filling  an  input 
buffer  and  setting  a  flag  that  indicates  that  information  is  available  for  further 
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processing.  In  this  context,  the  afferent  latency  is  a  combination  of  the  transduction 
time  at  the  peripheral  receptor,  the  conduction  time  from  periphery  to  the  central 
system,  plus  the  time  required  to  represent  this  information  in  one  of  the  registers  of 
the  central  processing  unit. 

Although  the  afferent  latency  certainly  has  some  non-zero  value,  its  variability  is 
assumed  to  be  negligible  on  the  basis  of  several  pieces  of  evidence  presented  earlier. 
Therefore,  afferent  latency  can  be  considered  a  constant,  contributing  nothing  to  the 
variance  and  shape  of  the  observed  distribution  of  response  latencies. 

Once  the  stimulation  produced  by  /*,  onset  is  registered  centrally,  in  a  buffer,  the 
information  must  wait  for  a  period  represented  by  Wx  before  gaining  access  to 
subsequent  processing  stages.  This  waiting  time  for  information  transfer  from  input 
buffer  to  the  deterministic  timekeeping  mechanism  results  because  the  contents  of  the 


FIGURE  3.  Diagram  of  response-stimulus  synchronization  model.  Pu  P2 ,  and  R,  arc  external, 
observable  events,  while  IV,  and  W2  are  hypothesized  internal  events.  The  diagram  represents  the 
time  course  of  various  components  of  a  stimulus-response  chain  on  a  typical  trial. 


input  buffer  arc  only  accessed  periodically.  Every  n  units  of  time  the  central  processor 
reads  the  contents  of  the  input  buffer  and  performs  operations  based  on  this 
information.  Because  this  cycle  time,  or  scheduling  of  access  time-points,  is  indepen¬ 
dent  of  peripheral  stimulation,  the  delay  due  to  W ,  is  variable  and  uniformly 
distributed  over  a  range  from  zero  to  W milliseconds.  For  example,  sometimes 
stimulus  information  will  reach  the  input  buffer  just  prior  to  the  start  of  a  new  cycle 
and  thus  will  gain  access  to  the  central  processor  with  very  little  delay.  On  the  other 
hand,  stimulus  information  loaded  into  the  input  buffer  just  after  the  start  of  a  cycle 
will  have  to  wait  almost  an  entire  cycle,  before  gaining  access  to  the  central 

processor. 

After  access  of  stimulus  information  to  the  central  processor,  or  in  this  case,  the 
deterministic  timekeeper  mechanism,  a  delay  appropriate  to  the  synchronization 
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interval  and  state  of  the  organism  is  assumed  to  be  generated.  Since  this  delay  has 
negligible  variance  associated  with  it.  the  term  deterministic  interval  is  used.  Physio¬ 
logical  mechanisms  capable  of  producing  such  delays  are  not  forthcoming  from  the 
literature,  but  the  rationale  for  assuming  the  existence  of  such  mechanisms  is  clear 
from  the  preceding  discussion  and  experiments. 

The  termination  of  this  deterministic  delay  produces  information  that  is  then 
loaded  into  an  output  buffer  and  generates  a  flag  in  a  fashion  similar  to  that  described 
for  the  input  buffer.  This  time,  however,  the  information  is  waiting  to  gain  access  to  the 
response  processor.  This  processor  also  has  a  fixed  cycle  time,  which  is  similar  to 
that  of  the  central  processor,  IVlmtl,  thus  generating  uniformly  distributed  delays  over  a 
range  from  zero  to  fV2mil.  Although  IV, ^  and  IV2mil  are  similar,  they  are  not  exactly 
the  same.  As  a  result  the  two  processors  cycle  in  and  out  of  phase  relatively  frequently 
during  the  synchronization  interval.  Consequently,  the  two  waiting  times  can  be 
considered  independent  since  the  initiation  of  a  synchronization  interval  (P,  onset)  is 
totally  independent  of  any  phase  relationship  existing  between  central  and  response 
processor  cycle  times. 

An  example  may  help  to  clarify  this  mechanism  that  I  am  proposing  to  allow  the 
assumption  of  independence  between  W,  and  W2.  Suppose  W,miX  is  12  msec  and  IV2riX 
is  13  msec.  These  values  can  be  considered  the  periods,  or  cycle  times,  of  the  periodic 
processes  responsible  for  the  waiting  times  W,  and  W2x  respectively.  Thus,  these  two 
processes  will  pass  in  and  out  of  phase  every  156  (12  x  13)  msec.  Now,  consider  how 
IV, x  W2x  and  their  phase  relationship  are  related  to  the  stimulus  sequence  used  in 
response-stimulus  synchronization.  The  occurrence  of  P,  can  be  considered  indepen¬ 
dent  of  W,  for  several  reasons.  First,  trials  are  subject-paced  such  that  the  intertrial 
interval  varies  greatly  with  respect  to  the  cycle  time  responsible  for  IV,.  Second,  there 
is  no  evidence  to  suggest  that  the  conscious  decision  to  elicit  an  initiation  response.  R, 
is  dependent  in  any  way  on  the  central  process  responsible  for  W,.  And  third,  even  if 
one  postulated  a  relationship  between  W,  and  R,  triggering,  its  characteristics  would  be 
lost  because  of  two  sources  of  temporal  variability  interposed  between  the  triggering  of 
R,  and  the  occurrence  of  P,.  One  source  is  due  to  the  variable  efferent  delay  between 
the  central  response  trigger  and  the  overt  response,  /?„  and  the  other  is  due  to  the 
experimentally  introduced,  variable  foreperiod  between  R,  and  P,  onset.  Both  sources 
are  random  and  relatively  large  compared  with  the  cycle  time  of  W,.  Therefore,  the 
occurrence  of  P,  onset  can  be  considered  independent  and  random  with  respect  to  the 
IV,  cycle,  resulting  in  a  uniform  distribution  of  IV,  waiting  times. 

How  is  IV2  independent  of  IV,?  Well,  since  P,  onset  is  registered  centrally  at  some 
random  point  in  time  with  respect  to  the  IV,  cycle  and  since  IV,  and  IV2  have  slightly 
different  cycle  times,  knowing  at  what  point  in  the  IV,  cycle  P,  is  registered  provides  no 
information  about  what  part  of  the  W2  cycle  will  be  intersected  after  the  fixed 
deterministic  delay.  Consequently,  W,  and  IV2  can  both  be  considered  independent  and 
uniformly  distributed.  As  a  result,  the  convolution  of  these  two  distributions  will 
generate  a  unit  of  central  temporal  variability  that  is  basically  triangular,  that  is.  as 
long  as  the  values  of  and  W2mat  are  not  too  dissimilar.  A  slight  difference  in  their 
periodicities  only  produces  a  slight  bluntness  in  the  peak  of  the  triangular  distribution. 
Finally,  since  P,  onset,  W,x  and  IV2  can  all  be  considered  independent,  no  autocorrela¬ 
tion  should  exist  between  trials,  which  is  consistent  with  the  data. 

After  information  transfer  to  the  output  buffer,  the  output  stage  takes  control, 
triggering  the  appropriate  action  (finger  withdrawal),  which,  after  an  efferent  delay,  is 
manifest  in  the  overt  response,  /?,.  As  discussed  earlier,  these  efferent  latencies  are 
assumed  to  be  approximately  normally  distributed  with  a  relatively  small  variance.'1  In 
the  model,  the  logistic  distribution  is  substituted  for  the  normal  because  of  its  marginal 
superiority  in  mathematically  representing  this  kind  of  variability. 
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The  ultimate  goal  of  this  sequence  of  processing  stages  is  to  produce  a  response  that 
is  perfectly  synchronous  with  P2  onset.  However,  because  of  variability  incurred  at 
various  stages,  the  best  performance  that  can  be  realized  involves  centering  the 
response  latency  distribution  about  the  time-point  corresponding  to  P2  onset  and 
minimizing  the  variance  of  the  various  stochastic  components. 

The  overall  response  latency  distribution  is  given  by  the  convolution  of  the 
component  distributions.  In  the  model  this  involves  convolving  the  distributions 
associated  with  tV2,  and  the  efferent  latency.  Although  WlmA,  and  are  not 
exactly  the  same,  for  purposes  of  the  initial  modeling  they  were  considered  identical. 
Thus,  the  convolution  of  the  distributions  of  waiting  times  produces  a  triangular 
distribution  spanning  a  range  of  2  x  H'*,,.  When  this  is  further  convoluted  with  a 
relatively  low-variance,  logistically  distributed  component,  it  produces  a  distribution 
that  is  still  basically  triangular,  but  with  short  tails  and  a  slightly  blunted  peak. 

The  general  shape  of  distribution  generated  by  the  model  seems  to  characterize  the 
data  quite  well,  but  a  more  rigorous  test  of  the  model's  ability  to  represent  the  data  was 
obtained  by  mathematically  testing  the  goodness-of-fit  between  the  distribution 
function  generated  by  the  model  and  the  cumulative  probability  of  response  distribu¬ 
tion  derived  from  the  data. 

Parameters  of  the  model,  representing  the  variable  components,  were  estimated  by 
allowing  them  to  vary  over  a  calculated  range  while  repeatedly  testing  for  goodness  of 
fit  via  the  minimizing  x2  technique.  The  two  parameters  estimated  consisted  of  W , 
which  represented  the  average  of  and  W2mMt  (the  maximum  times  required  for 
information  transfer),  and  b,  which  represents  the  standard  deviation  of  the  efferent 
response  latency  distribution.  Values  for  W  and  b  were  covaried  because  they  were 
constrained  by  the  overall  variance  of  the  observed  distribution.  Variance  of  the 
triangular  distribution  is  given  by  W2/b  and  variance  of  the  logistic  distribution  is 
represented  by  b.  Thus,  the  equation  for  the  overall  response  latency  variance  is: 

V« u.  -  W*/6  +  b 2 

Therefore,  the  constraints  are  clear.  If  b  -  0,  then: 

-  V6  x  Ktoul 


and  conversely,  if  W  -  0,  then: 

^ma»  =  V  Kou, 

Moreover,  for  any  W  chosen  in  the  range  from  0  to  the  value  of  b  is  fixed  by  the 
following  equation: 

b  -  VKl0Ul  -  W2/b 

Figure  4  shows  the  excellent  representation  of  the  data  provided  by  the  model.  The 
points  on  the  figure  are  the  actual  data  obtained  from  a  well-practiced  subject  and  the 
line  is  the  best  fit  to  this  data  provided  by  the  model.  It  is  evident  that  the  model 
provides  an  excellent  description  of  the  data  with  a  x2  value  of  4.8 1  on  9  degrees  of 
freedom.  In  this  case,  the  estimates  of  W  and  b  are  1 1.4  and  3.6  msec,  respectively. 
This  produces  an  estimate  of  overall  variance  of  34.7  relative  to  34.6  msec2  obtained 
from  the  data. 

Figure  5  presents  the  results  of  a  similar  analysis  based  on  the  lowest  variance  data 
obtained  in  the  experiments.  I  have  added  quartile  lines  to  emphasize  the  amazing 
accuracy  with  which  humans  can  perform  response-stimulus  synchronization.  Mean 
response  latency  is  only  0.3  msec  longer  than  the  P{P2  interval  (460  msec)  and  the 
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spread  of  the  distribution  of  response  latencies  is  small,  with  50%  of  all  responses 
falling  within  a  7-msec  time  window.  Expanding  the  time  window  to  19  msec  accounts 
for  more  than  90%  of  the  responses  and,  in  fact,  all  responses  in  this  analysis  fall  within 
±16  msec  of  the  mean.  This  distribution  represents  five  sessions  worth  of  data  or 
1 500  response  latencies.  The  estimates  for  W  and  b  for  this  set  of  data  are  9. 1  and  4. 1 8, 
respectively.  These  values  provide  an  estimate  of  overall  variance  of  3 1 .3  msec2,  which 
is  exactly  what  was  obtained  from  the  data. 

Parameters  were  extracted  not  only  from  stable  data  obtained  after  much  practice, 
but  also  from  data  obtained  during  acquisition  when  the  response  latency  variances 
were  decreasing.  Results  of  these  analyses  suggest  that  the  value  of  W  changes  little 
while  b  exhibits  substantial  decreases  to  account  for  the  reduced  variances. 

In  spite  of  the  fact  that  the  model  fits  the  data  extremely  well,  the  method  of 
extracting  parameters  seemed  to  lack  power  because  there  was  usually  a  range  of  W 
and  b  values  that  produced  near  optimal  fits  to  the  data.  For  example,  in  one  analysis  b 
values  ranging  from  3.5  to  5.0,  in  combination  with  their  corresponding  values  for  W, 
all  provided  reasonably  acceptable  representations  of  the  data.  As  a  result,  I  was 
concerned  about  the  ability  of  the  minimizing  x 2  procedure  to  extract  meaningful 
estimates  of  the  underlying  parameters  involved. 

To  further  exploit  the  model,  I  decided  to  simulate  subjects'  response  latency 
distributions,  using  parameters  extracted  from  the  original  data,  by  randomly  generat¬ 
ing  response  latencies  which  summed  the  delays  associated  with  each  of  the  model's 
variance  components.  This  simulated  data  was  then  analyzed  to  try  and  recover  the 
parameters  used  in  generating  it.  This  would  provide  some  indication  of  the  power  of 
the  parameter-extraction  procedure  employed. 

Results  of  these  simulations  were  quite  rewarding.  Parameter  estimates  based  on 
the  simulated  data  never  exceeded  10%  error  from  those  parameters  used  to  generate 
the  data,  even  with  the  apparent  lack  of  power  associated  with  the  parameter- 
extraction  technique,  and  typically  the  correspondence  was  almost  perfect.  Two 
examples  are  shown  in  Figure  6.  The  left  panel  shows  a  simulated  response  latency 
distribution  generated  with  W  =  M.4  and  b  -  3.6.  The  corresponding  parameters 
extracted  from  this  data  were  1 1.6  and  3.5,  respectively.  The  x2  statistic  for  the  fit  is 
4.7  on  1 1  degrees  of  freedom.  The  second  example,  shown  in  the  right  panel,  was  based 
on  a  set  of  data  generated  with  W  =  1 1.6  and  b  -  3.5.  In  this  case,  the  recovered  value 
for  W  was  identical  at  1 1.6  and  the  b  value  was  very  close  at  3.35,  with  a  x2  value  of 
5.27  on  10  degrees  of  freedom.  The  overall  variances  associated  with  these  two 
distributions  are  35.1  msec2  for  the  left-hand  distribution  and  33.7  for  the  other. 

All  the  analyses  to  this  point  have  been  using  an  average  value  for  Wx  and  Ms. 
However,  as  pointed  out  earlier,  it  is  imperative  to  the  assumption  of  independence 
between  these  two  components  that  they  be  slightly  different.  To  test  whether  this 
restriction  would  affect  theorizing,  several  sets  of  data  were  simulated  using  different 
values  for  fVx  and  W2.  As  also  pointed  out  earlier,  it  is  only  necessary  for  Wx  and  W2  to 
differ  by  a  millisecond  or  less  for  the  argument  of  independence  to  hold.  Consequently, 
data  sets  were  generated  in  which  Wx  and  W2  differed  by  1  msec.  The  results  were 
almost  identical  to  those  obtained  when  the  average  values  of  Wx  and  fV2  was  used.  In 
fact.  Figure  6  could  also  be  used  to  present  these  data  because  the  differences  in  the 
distributions  and  parameters  extracted  are  less  than  1  percent. 

Thus,  the  method  used  for  parameter  extraction  does  not  appear  to  impose  any 
serious  restrictions  on  our  ability  to  estimate  IV  and  b.  Moreover,  it  is  interesting  to 
note  that  the  estimates  of  b  that  were  calculated,  where  b2  represents  the  efferent  delay 
variance,  agree  well  with  estimates  provided  by  Wing  and  Kristofrerson.<’  and  the 
estimate  of  W  is  in  the  same  range  as  the  minimum  unit  of  quanta!  time  that 
Kristofferson  has  proposed.3  However,  this  latter  correspondence  does  not  imply  a 
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single  “clock.”  In  fact,  the  mechanism  proposed  to  produce  independence  assumes  two 
different  periodicities. 

One  consistent  finding  was  that  efferent  latency  variance,  estimated  by  b ,  tends  to 
contribute  proportionately  less  to  the  total  variance  as  a  function  of  practice.  In  terms 
of  the  response  latency  distribution,  it  means  that  the  shape  should  become  more 
triangular  as  practice  continues  and,  to  some  extent,  this  can  be  seen  in  the  data.  The 
coefficients  of  kurtosis  are  generally  around  3.2  at  the  beginning  of  practice  and 
decrease  over  time  to  values  under  3.0.  The  coefficient  of  kurtosis  for  the  logistic 
distribution  is  4.2  and  for  the  triangle  is  2.4.  Therefore,  the  trend  towards  a  reduction 
in  the  coefficient  of  kurtosis,  especially  in  the  range  observed,  is  consistent  with  the 
notion  of  a  transition  in  shape  from  logistic  to  triangular.  However,  this  information 
should  only  be  taken  as  corroborating  evidence  because  the  change  in  coefficient  values 
was  rather  small  and  inconsistent  in  a  few  instances. 


TRIE  OF  RESPONSE  Oiimc) 

FIGURE  6.  Relative  frequency  distributions  for  two  sets  of  simulated  data.  Left  panel  shows 
distribution  generated  from  the  model  (see  text),  with  W  -  1 1 .4  and  b  -  3.6.  Extracted  parameter 
values  based  on  these  data  were  W  -  1 1.6  and  b  -  3.5.  Right  panel  shows  similar  distribution 
generated  with  W  -  1 1.6  and  b  -  3.5.  Recovered  parameter  values  were  W  -  1 1.6  and  b  =  3.4. 
X3  for  goodness-of-fit  of  model  to  the  left  and  right  distributions  was  4.7  on  1 1  d.f.  and  5.3  on  10 
d.f.,  respectively. 


Up  to  this  point  I  have  been  referring  to  the  parameter  b  as  representative  of 
efferent  variability.  But  the  analyses  indicate  that  most  of  the  improvement  with 
practice  is  reflected  in  reductions  in  b.  Because  several  thousand  trials  are  required  to 
attain  asymptotic  performance,  it  is  difficult  to  understand  how  a  simple  finger 
withdrawal  response  could  continue  to  be  refined  after  such  a  number  of  trials. 
Consequently,  I  would  like  to  introduce  a  further  extension  to  the  model  that  addresses 
this  problem  as  well  as  that  of  violating  the  assumption  of  steady-state  behavior,  as 
mentioned  earlier. 

In  reality,  the  state  of  the  central  mechanism  governing  response  trigger  timing 
probably  changes  slowly  over  time,  being  affected  by  concurrent  cognitive  activity  and 
changes  in  the  physiological  state  of  the  organism.  Thus,  internal  conditions  could  be 
viewed  as  if  they  were  in  a  state  of  continual  flux.  This  would  necessitate  a  dynamic 
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process  for  fine-tuning,  or  updating,  the  central  timing  stage  based  on  feedback  about 
recent  successes  and/or  failures  in  synchronization. 

The  result  of  this  continual  updating  of  the  system  introduces  a  new  source  of 
variance  that  was  not  previously  considered.  As  the  internal  state  of  the  organism 
changes,  timing  will  be  affected  such  that  the  response  triggers  will  begin  to  occur  too 
early  or  too  late  on  the  average.  This  information,  provided  by  the  available  feedback, 
allows  the  central  stage  to  alter  the  timing  process  accordingly  in  order  to  maintain 
accurate  synchronization. 

Obviously  the  accuracy  of  such  a  feedback  loop  is  determined,  in  part,  by  the 
amount  of  information  considered  in  determining  the  extent  of  alterations  to  be  made. 
To  be  most  accurate  the  subject  should  try  to  integrate,  or  average,  as  much 
information  from  preceding  trials  as  possible.  Such  a  notion  is  supported  by  the 
sequential  dependency  analyses  that  were  applied  to  the  experimental  data.  Those 
analyses  indicate  that  feedback  information  becomes  more  reliable  with  practice, 
suggesting  the  experienced  subject  integrates  increasingly  more  information  into  the 
updating  decision  process.  Further  increases  in  updating  accuracy  probably  also  stem 
from  the  subject's  learning  to  interpret  the  feedback  information  better. 

If  this  new  variance  component  is  considered  to  be  logistically  distributed,  then  it 
would  be  combined  in  our  estimate  of  b.  Thus,  b  may  actually  encompass  two  sources  of 
variation  that  cannot  really  be  separated  because  they  are  similarly  distributed. 
Probably  the  most  reasonable  explanation  of  decreases  in  the  value  of  b  with  practice 
would  share  the  responsibility  between  decreases  in  efferent  latency  variance  and 
increases  in  accuracy  of  updating  the  central  components  to  maintain  synchronization 
with  the  “real  world.”  For  example,  the  large  decreases  in  b  that  are  observed  early  in 
practice  could  be  largely  a  function  of  response  learning,  while  after  some  initial 
training,  continued  decreases  in  b  could  reflect  the  improved  updating  abilities  of 
subjects.  However,  when  asymptotic  performance  is  attained,  indications  are  that  b 
provides  a  good  estimate  of  minimum  efferent  latency  variance  because  the  updating 
process  has  been  so  refined  as  to  approximate  a  steady-state  system. 

What  happens  without  the  feedback?  Well,  the  data  show  that  performance 
deteriorates  rapidly  and  strong  sequential  dependencies  begin  to  emerge.  In  terms  of 
the  model,  lack  of  feedback  prevents  the  updating  process  from  operating,  which 
results  in  mean  response  latency  varying  over  time  as  a  function  of  changes  in  the 
internal  state  of  the  organism.  This  produces  a  slow  wandering  of  the  mean,  thereby 
inflating  overall  response  latency  variance  and  introducing  autocorrelations  between 
successive  responses.  Decrements  in  performance  are  probably  further  enhanced  by 
degradation  of  the  memorial  representation  of  the  P,P2  interval.  Without  feedback, 
there  is  no  way  to  refresh  the  memory  for  the  synchronization  interval. 

If  feedback  helps  to  synchronize  the  central  timekeeping  process  with  the  passage 
of  physical  time,  then  one  would  expect  individual  differences  to  be  minimized  w  hen 
feedback  is  available.  This  is  exactly  what  was  observed  in  these  experiments.  When 
feedback  was  present,  all  subjects,  independent  of  sex  and  P,P2  interval,  exhibited  very 
similar  performance.  However,  in  the  absence  of  feedback,  large  individual  differences 
developed  in  terms  of  mean  errors  of  synchrony,  response  latency  variances,  and 
autocorrelations. 


SUMMARY 

To  summarize  this  discussion,  I  have  presented  several  pieces  of  evidence  in  support  of 
the  proposed  model.  Substantial  support  comes  from  the  fact  that  when  parameter 
estimates  obtained  from  independent  areas  of  research  are  substituted  into  the  model. 
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it  predicts  asymptotic  variance  levels  almost  identical  to  those  observed.  The  model 
also  provides  a  remarkable  mathematical  representation  of  the  data  and  can  account 
for  independence  of  mean  and  variance  over  the  range  of  PtP2  intervals  tested. 
Extensions  made  to  the  model  provide  a  locus  for  the  central  variance  components  in 
the  S-R  chain  and  also  provide  a  mechanism  to  produce  independence  between  the 
central  components  by  assuming  two  different  periodicities.  Finally,  not  only  did  the 
model  provide  a  good  mathematical  representation  of  the  data,  but  also  the  parameters 
were  theoretically  appealing  for  further  postulating  about  central  mechanisms  and 
processes  underlying  response-stimulus  synchronization.  This  last  point  is  important 
because  we  also  tested  several  other  models,  which  I  have  not  discussed,  that  provided 
acceptable  mathematical  representations  of  the  data,  but  none  had  parameters  that 
were  theoretically  meaningful. 

As  a  final  point,  I  would  like  to  reexamine  the  traditional  distinction  made  between 
subjective  and  objective  time.  Subjective  time  has  often  been  thought  of  as  a  dimension 
of  experience  only,  in  which  the  nature  of  the  activities  occurring  during  a  period  is  the 
major  determinant  of  the  phenomenal  duration,  rather  than  movements  of  hands  on  a 
clock.21  In  fact  many  investigators,  back  to  the  time  of  William  James,”  have  been 
intrigued  by  these  alterations  in  perceived  duration  produced  by  varying  the  physical 
events  generating  our  subjective  experiences.  Obviously  these  are  important  aspects  of 
cognitive  functioning  to  understand,  but  it  is  also  intriguing  to  find  out  that  under  some 
circumstances  there  is  no  transformation  made  between  physical  and  psychological 
time.  The  two  are  the  same.  The  characteristics  of  these  circumstances,  however,  have 
just  recently  begun  to  emerge  from  synchronization  and  duration  discrimination 
studies.  Consequently,  it  is  important  that  this  mode  of  information  processing  receive 
further  investigation  because  possibly  it  provides  the  crucial  link  between  our  minds 
and  our  environment  in  “real”  time. 
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Much  of  the  research  on  animals'  temporal  discrimination  has  an  implied  framework 
that  treats  the  phenomena  from  a  sensory  process  point  of  view. 

Recent  years  have  seen  the  development  of  a  variety  of  psychophysical  tech¬ 
niques.1,2  For  example,  animals  may  be  presented  with  different  durations  of  a 
stimulus,  with  one  choice  response  reinforced  if  the  duration  had  been  short  and  a 
second  choice  response  reinforced  if  the  duration  was  long.  In  addition,  there  has  been 
an  increase  in  research  using  reinforcement  schedules  that  is  psychophysical  in 
orientation;  orderly  relations  between  schedule  value  and  behavior  have  been  observed 
under  a  wide  variety  of  temporally  defined  schedules.34  This  line  of  research  has 
provided  valuable  information  about  Weber’s  law,  logarithmic  and  power  relations, 
and  subjective  time  scales.  While  this  sort  of  research  has  produced  basic  and 
necessary  information,  most  of  it  has  treated  stimulus  duration  as  a  simple  dimension 
that  is  similar  to  sensory  dimensions  such  as  frequency  or  intensity.  In  most  of  the 
research,  the  durations  to  be  discriminated  are  composed  of  a  single  unchanging  light 
or  tone.  The  stimulus  component  has  been  de-emphasized  so  that  orderly  relations 
could  be  obtained  and  so  that  the  operation  of  a  sensory-based  timing  process  could  be 
assessed. 

Not  only  the  procedures,  but  also  current  theories,  imply  a  sensory  framework. 
Recent  theories  are  concerned  with  the  timing  process  and,  in  general,  all  attempt  to 
separate  the  timing  process  and  factors  affecting  it  from  other  processes  and  aspects  of 
the  situation.3  5,6  The  different  theories  have  different  emphases.  Gibbon's  scalar 
expectancy  theory,  for  example,  emphasizes  the  orderly  psychophysical  relations  that 
transcend  individual  procedures  in  an  attempt  to  delineate  the  temporal  scaling  process 
that  is  common  to  the  different  situations.  The  internal  clock  theory  of  Church  and  his 
students  has  emphasized  the  “clock”  and  has  focused  on  factors  that  influence  the  way 
in  which  the  clock  functions.  Although  no  one  argues  that  the  timing  process  is  simple, 
the  treatment  of  timing  does  indicate  a  sensory  process  framework.  The  theories  are 
typically  described  in  cognitive  terms  and  the  theories  take  an  information-processing 
approach,  but  the  roots  seem  to  come  from  a  sensory-based  orientation.  In  particular, 
the  internal  clock  theory  seems  to  treat  the  clock  as  a  receptor  that  registers  the 
passage  of  time.  With  sensory  dimensions  such  as  brightness  there  are  correlated 
physiological  processes;  the  clock  seems  to  serve  a  similar  though  hypothetical  function 
as  a  time  sense. 

An  alternative  orientation  places  temporal  discrimination  within  the  framework  of 
perception.  This  framework  places  animals’  time  perception  within  the  context  of  other 
complex  perceptual  phenomena  such  as  space  perception,  motion  perception,  and  form 
perception.  A  perceptual  framework  suggests  analogies  between  animal  time  percep¬ 
tion  and  other  perceptual  processes  and  indicates  that  the  study  of  animal  timing  might 

“Authorship  of  this  paper  is  equal.  The  research  was  funded  in  part  by  a  Faculty  Research 
Fund  Award  from  the  University  of  Maine  to  D.  Alan  Stubbs. 
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well  profit  from  the  lessons  learned  in  these  other  areas.  Stimulus  durations  may  be 
arranged  easily  (more  easily  than  most  stimulus  continua),  orderly  psychophysical 
findings  might  occur  when  durations  are  used,  and  inferences  about  a  timing  process 
can  be  made.  But  the  ease  of  arranging  the  stimulus  dimension  and  the  orderly 
relations  may  be  misleading  and  deceive  us  into  viewing  the  problem  in  a  particular 
way.  With  space,  movement,  and  form  perception,  continua  have  also  been  established, 
elegant  psychophysical  experiments  have  been  conducted,  and  valuable  results  have 
been  obtained,  but  more  is  involved  in  all  of  these  areas.  With  space  perception  there 
arc  the  many  “cues,”  both  stimulus  and  organismic;  prior  experience  tells  us  about  the 
distance  of  things;  different  information  is  provided  to  stationary  and  moving 
observers;  and  there  are  higher-order  invariants  and  relations  when  observers  move 
about  in  a  world  of  textured  surfaces.  In  light  of  all  of  these  factors,  the  space 
perception  literature  does  not  have  an  analogue  to  timing;  that  is,  researchers  do  not 
talk  about  a  “spacing”  process.  Research  such  as  that  with  the  Howard  Dolman 
apparatus  (in  which  people  judge  the  relative  distance  of  two  rods  against  a 
homogeneous  background)  demonstrates  the  role  of  accommodation,  convergence,  and 
disparity.  These  organismic  or  internal  cues  provide  the  closest  analogy  to  timing. 
However,  the  space  perception  literature  has  shown  that  these  cues  tell  only  a  part  of 
the  story;  muen  more  is  involved  when  humans  and  nonhumans  move  about  in  less 
restricted  visual  environments. 

The  adopting  of  a  perceptual  framework  leads  to  the  conclusion  that  the  implied 
sensory  framework  that  guides  most  current  thinking  may  be  limiting  the  questions 
that  are  asked  and  the  research  that  is  done.  A  perceptual  approach  argues  for  a 
change  in  emphasis  and  for  increased  attention  in  several  areas.  First,  greater  emphasis 
should  be  given  to  the  stimuli  constituting  the  durations  to  be  discriminated.  Most 
researchers  recognize  that  temporal  discrimination  tasks  do  not  measure  discrimina¬ 
tion  of  time,  but  instead  the  discrimination  of  the  duration  of  stimuli.  It  would  seem 
proper  that  a  greater  emphasis  be  given  to  the  stimulus  side  of  stimulus  duration. 
While  human  research  has  employed  a  wide  variety  of  stimulus  situations,  most  animal 
research  has  used  durations  marked  by  lights  and  tones  that  do  not  change.  The 
function  of  these  stimuli  seems  to  be  simply  that  of  a  time  marker;  the  stimulus  does 
not  appear  to  be  given  much  importance,  but  rather  serves  as  a  wo  of  bounding 
abstract  time  or  setting  a  clock  in  operation.  Second,  most  of  the  research  has 
attempted  to  eliminate  environmental  events  in  duration  tasks.  With  people,  time 
judgments  are  influenced  by  watches,  the  sun.  the  amount  of  work  done,  the  variety 
and  structure  of  events,  and  the  like.  But  these  conditions  are  often  eliminated  in 
research,  particularly  that  with  animals;  they  arc  eliminated  in  part  because  they  are 
viewed  as  contaminating  features  that  might  provide  extraneous  cues  to  interfere  with 
“pure”  timing.  The  perception  of  time  is  more  properly  considered  as  the  perception  of 
temporal  events  and  as  such  resembles  in  some  ways  the  perception  of  movement  and 
perception  of  change.  '8  Unfortunately,  different  research  strategies  separate  the  areas; 
with  movement  and  change,  researchers  are  searching  for  the  relevant  stimuli;  with 
time,  researchers  (particularly  animal  researchers)  typically  hide  or  limit  the  relevant 
temporal  events.  Use  of  unchanging  stimuli  in  duration  tasks  reduces  temporal 
structure  in  the  environment  so  that  the  only  events  remaining  are  internal,  which 
inevitably  leads  to  a  view  of  these  events  as  crucial.  The  situation  may  be  like  that  w  ith 
space  perception  in  the  past,  when  accommodation,  convergence,  and  disparity 
assumed  a  role  of  importance  when  experiments  eliminated  most  of  the  features  of  a 
textured  world.  Third,  the  perceptual  framework  suggests  that  a  wider  range  of  task.', 
including  tasks  that  are  more  complex,  be  used.  Although  a  variety  of  procedures  are 
currently  available,  these  procedures  are  primarily  variations  on  the  basic  human 
psychophysical  techniques.  These  sensory-like  techniques  contribute  to  the  sensory 
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process  framework  for  considering  research  findings.  What  is  needed  is  a  more  varied 
set  of  tasks  to  deal  with  questions  like  those  raised  in  human  time  perception  and  like 
those  raised  in  other  areas  of  perception. 

The  two  experiments  to  be  reported  have  their  origins  in  our  consideration  of 
temporal  discrimination  within  the  perceptual  framework. 


EXPERIMENT  1:  THE  AUDITORY-VISUAL  DIFFERENCE  IN  PIGEONS 

The  purpose  of  the  first  experiment  was  to  see  whether  different  stimuli  would 
influence  performance  in  a  duration  task.  A  robust  finding  in  the  area  of  human  time 
judgment  is  that  people  judge  sounds  as  longer  than  lights  of  equal  duration.9  This 
finding  holds  across  different  procedures  and  variations  in  method  and  thus  seemed  to 
be  a  good  starting  point  in  the  investigation  of  stimulus  factors  as  they  affect  temporal 
judgments  of  animals. 

The  procedure  used  for  the  task  was  based  on  the  free-operant  scaling  procedure  of 
Stubbs.10  The  scaling  procedure  was  selected  since  it  permits  a  greater  flexibility  of 
response  than  do  discrimination  procedures  and  thus  seemed  to  offer  a  greater 
likelihood  of  differences  in  response  when  lights  and  sounds  were  presented. 

Three  pigeons  were  trained  in  a  standard  operant  chamber,  with  daily  sessions 
lasting  until  a  pigeon  had  received  50  reinforcers.  Figure  1  gives  the  outline  of  the 
procedure.  Intcrtrial  intervals  separated  the  duration  periods.  The  intertrial  intervals 
were  variable  in  length,  with  an  average  of  1 5  sec.  In  addition,  a  reset  contingency  was 
used  such  that  a  peck  to  either  key  would  prolong  the  intertrial  interval  by  5  sec. 
During  the  intertrial  interval,  the  houselight  was  on  and  the  right  key  was  lit  by  white 
light.  After  the  intertrial  interval,  there  were  two  types  of  trials,  with  each  occurring 
equally.  On  light  trials,  the  onset  of  the  trial  was  signalled  by  the  onset  of  a  red  light 
behind  the  left  key  (the  houselight  and  white  light  remained  on).  When  the  red  light 
was  on,  red-key  responses  were  sometimes  reinforced  between  5  and  6  sec  after  light 
onset.  If  food  was  produced,  an  intertrial  interval  followed  and  then  a  new  trial  began. 
The  pigeon  could  also  peck  the  white  key,  with  the  result  that  the  stimulus  conditions 
would  change  with  green  replacing  red  on  the  left  key.  Once  the  green  light  was  on. 
pecks  to  white  had  no  further  consequences  (that  is,  the  pigeon  could  not  change  back 


FOOO  BETWEEN 
20-21  SECONDS 


FIGURE  I.  Outline  of  the  procedure  for  Experi¬ 
ment  I.  The  top  portion  represents  the  inlertrial 
interval,  which  was  variable  in  durat-on.  A  trial 
began  with  either  the  onset  of  a  red  ligtu  or  a  tone 
Food  was  produced  intermittently  for  left-key 
responses  5-6  sec  after  stimulus  onset.  A  peck  to 
the  white  key  changed  the  stimuli  and,  in  the 
presence  of  green,  left-key  responses  produced 
food  intermittently  20-21  sec  after  :rial  onset. 
Trials  ended  with  food  or  if  24  sec  elapsed  without 
food,  and  then  a  new  intertrial  interval  began.  A 
houselight  was  on  at  all  times  except  during  food 
delivery. 
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•  TONE  •  LIGHT 


FIGURE  2.  Relative  frequency  of  a  changeover  as  a  function  of  time  since  a  stimulus  period 
began.  Data  were  computed  separately  and  are  shown  for  both  light  and  tone  trials.  Food  was 
delivered  between  5  and  6  sec  in  the  presence  of  red  light  or  the  tone  and  between  20  and  2 1  sec  in 
the  presence  of  green.  Data  are  based  on  the  total  number  of  changeovers  in  the  last  five 
sessions. 


to  red).  Pecks  to  the  green  key  were  sometimes  reinforced  between  20  and  21  sec  of 
trial  onset.  If  food  was  not  produced,  the  trial  ended  after  24  sec.  The  contingencies  for 
tone  trials  were  the  same  except  that  a  tone  (produced  by  a  Sonalert)  was  presented  in 
place  of  the  red  light.  Trials  began  with  the  onset  of  the  tone,  which  was  the  only 
change  in  stimuli  after  the  intertrial  interval.  The  houselight  and  white  key  light  were 
kept  on  during  intertrial  intervals  so  that  changes  in  visual  stimuli  would  not 
accompany  the  onset  of  the  relevant  auditory  stimulus.  On  tone  trials,  a  peck  to  the 
dark,  “tone”  key  sometimes  produced  food  between  5  and  6  sec  after  tone  onset.  A  peck 
to  the  white  key  turned  on  the  green  key  light  and  turned  off  the  tone.  The 
contingencies  in  the  presence  of  green  were  the  same  as  on  light  trials. 

Food  was  made  available  on  some  trials  only.  Once  available,  food  was  assigned 
equally  for  short  and  long  responses  to  ensure  an  equal  distribution  of  reinforcers.  F  or 
reinforcers  assigned  for  short  responses,  half  were  assigned  during  tone  trials  and  half 
during  light  trials.  If  a  reinforcer  was  assigned  but  missed,  the  reinforcer  was  assigned 
again  on  the  next  appropriate  trial.  This  reinforcement  procedure  fixed  relative 
reinforcement  frequency  under  the  different  conditions  to  make  sure  that  anv 
performance  differences  would  not  be  due  to  differences  in  obtained  number  of 
reinforcers. 

Basically  the  procedure  provided  reinforcement  at  a  short  and  a  long  time  after 
stimulus  onset.  The  major  difference  in  trials  was  whether  a  light  or  a  tone  was 
associated  with  the  early  portion  of  the  time  period,  while  a  light  was  always  associated 
with  the  later  portion.  The  question  was  whether  the  light-tone  difference  early  in  the 
time  period  would  affect  the  time  at  which  the  animals  would  change  to  green. 

Figure  2  shows  the  relative  frequency  of  a  changeover  from  red  to  green  and  from 
tone  to  green  in  different  time  classes.  The  general  finding,  in  agreement  with  previous 
research,  is  that  the  frequency  of  changing  over  was  highest  at  times  that  approxi¬ 
mated  the  geometric  mean  (10-11  sec)  of  the  two  intervals  at  which  reinforcement  w  as 
provided  (5-6  sec  [short]  and  20-21  sec  [long]).  The  forms  of  the  distributions  were 
similar  on  light  and  tone  trials,  except  that  the  distributions  are  shifted  to  the  right 
under  tone  conditions.  The  difference  in  the  distributions  suggests  that  the  time  to  food 
in  the  presence  of  the  tone  was  judged  as  longer  than  that  in  the  presence  of  the  red 
light.  Although  red-key  and  “tone”-key  responses  both  produced  food  at  the  same 
interval  after  stimulus  onset,  perception  of  time  to  food  in  the  presence  of  the  tone  as 
longer  would  result  in  a  longer  time  spent  before  changing  to  green. 
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The  results  agree  with  the  findings  on  human  time  judgments  and  suggest  that  the 
auditory-visual  difference  holds  for  pigeons  as  well  as  people.  While  the  results  suggest 
an  auditory-visual  difference,  we  must  be  cautious  in  the  interpretation.  No  attempt 
was  made  to  equate  the  intensity  of  the  light  and  sound.  Although  the  auditory-visual 
difference  holds  for  people  even  with  changes  in  stimulus  intensity,"  our  results  may- 
have  depended  on  differences  in  intensity.  Also,  light  and  tone  trials  differed  with 
regard  to  whether  the  pigeons  pecked  on  a  red  or  dark  key  (although  response  rates 
were  similar  in  both  cases).  Probably  these  factors  are  not  responsible  for  the 
difference  in  performance,  but  the  matter  needs  future  corroborative  research. 

Whatever  the  reason  for  the  difference,  the  results  demonstrate  that  the  stimuli 
that  demarcate  temporal  events  affect  performance.  The  results  join  a  small  body  of 
literature  showing  that  stimuli  can  have  varied  effects  on  temporal  judgments. 
Mantanus,12  for  example,  trained  pigeons  on  a  duration-discrimination  task  and  found 
that  accuracy  was  higher  when  durations  were  “filled”  than  when  they  were 
“unfilled.”  Similarly,  Spetch  and  Wilkie13  observed  higher  accuracy  when  durations  of 
food  access  were  used  as  opposed  to  durations  of  a  light.  Stut  as  et  al 14  found  that 
discrimination  performance  was  affected  not  just  by  the  stimuli  that  make  up 
durations  but  also  by  the  stimuli  that  bound  durations.  They  trained  pigeons  on  a 
schedule  in  which  fixed-interval  performance  resulted  sometimes  in  food  and  some¬ 
times  in  a  briefly  presented  stimulus.  Occasionally  the  schedule  was  interrupted  by  a 
choice  situation:  one  response  was  reinforced  if  only  a  short  portion  of  the  interval  had 
elapsed,  while  a  second  response  was  reinforced  if  a  longer  portion  had  elapsed.  The 
main  result  was  that  accuracy  of  choice  was  lower  if  the  interval  was  preceded  by  the 
brief  stimulus  rather  than  food.  The  few  available  results  suggest  that  the  stimuli  that 
make  up  temporal  events  have  varied  effects  that  include  changes  in  accuracy  and 
changes  that  suggest  differences  in  perception  of  different  temporal  events.  Only 
detailed  attention  to  a  whole  range  of  stimulus  conditions  will  reveal  the  range  and 
extent  of  stimulus  factors. 


EXPERIMENT  2:  TEMPORAL  INTEGRATION 

There  are  numerous  procedures  for  the  study  of  animals’  temporal  discrimination,  but 
in  most  the  consequences  depend  on  the  passage  of  a  single  interval.  Fetterman  and 
Dreyfus  developed  an  alternative  procedure  in  which  performance  depended  on  more 
thkn  the  passage  of  a  single  interval  of  time.15  The  procedure  involved  the  comparison 
of  two  durations  with  different  choice  responses  reinforced  depending  on  which 
duratiofi  was  longer.  Pigeons  were  presented  with  a  red  light  of  one  duration  followed 
by  a  green  light  of  a  second  duration;  then  two  choice-key  lights  were  turned  on  and  a 
response  to  one  key  was  reinforced  if  the  duration  of  red  had  been  longer  than  green, 
while  a  response  to  the  second  was  reinforced  if  the  duration  of  green  had  been  longer 
than  red.  The  pigeons  were  accurate  in  discriminating  many  different  durations,  with 
accuracy  a  function  of  the  relative  difference  in  the  durations. 

The  present  experiment  is  derived  from  the  method  of  Fetterman  and  Drey  fus  and 
represents  an  increase  in  the  complexity  of  the  task.  Pigeons  were  given  four  rather 
than  two  durations,  in  the  order  red-green-red-green,  with  the  duration  of  each  color 
changing  from  trial  to  trial.  As  before,  the  pigeons'  task  was  to  give  one  response  if  the 
duration  of  red  was  longer  than  green  and  another  if  the  duration  of  green  was  longer 
than  red;  the  added  feature  was  that  the  pigeons  were  required  to  integrate  or  add 
together  the  two  red  durations  and  the  two  green  ones  and  to  respond  on  the  basis  of 
whether  the  total  red  duration  was  shorter  or  longer  than  that  of  the  total  green. 


3SN3dX3  1N3WNU3A09  IV  Q33nQOdd3d 


STUBBS  et  «/.:  PERCEPTION  OF  TEMPORAL  EVENTS 


35 


Figure  3  outlines  the  procedure.  For  each  trial,  the  center  key  was  white  initially 
and  the  side  keys  dark.  One  response  on  the  center  key  started  the  series  of  stimulus 
durations  on  the  center  key  with  each  changing  independently  of  behavior.  Each  series 
consisted  of  four  durations:  red,  green,  red,  green.  Each  duration  was  arranged  by  a 
probability  gate  set  at  a  value  of  0. 10,  which  was  pulsed  once  every  0.5  sec.  The  average 
time  of  each  duration  was  thus  5  sec,  with  a  range  between  0.5  and  1 6  sec.  This  system 
provided  for  more  than  a  million  different  combinations  of  durations  and  allowed  for 
the  total  of  the  four  durations  to  be  as  short  as  2  sec  or  as  long  as  64  sec.  After 
completion  of  the  fourth  duration  of  the  series,  the  center-key  stimulus  went  off  and  the 
side-key  stimuli  came  on.  If  the  total  of  the  two  red  durations  was  longer  than  that  of 
green',  a  left-key  response  was  correct;  if  the  total  of  green  was  longer  than  red,  a  right 
key  response  was  correct.  Correct  responses  either  resulted  in  a  10-sec  intertrial 
interval  (during  which  all  lights  were  off)  or  intermittently  produced  food.  Food  was 
assigned  randomly  from  reinforcer  to  reinforcer  either  for  a  correct  left-key  or  for  a 


FIGURE  3.  Outline  of  the  procedure  for  Experi¬ 
ment  2.  A  response  to  the  white  key  started  a  series 
of  four  durations,  with  the  series  changing  from 
trial  to  trial.  At  the  completion  of  the  duration 
series,  two  side-key  stimuli  were  lit.  One  response 
was  reinforced  if  the  total  of  two  red  durations  had 
been  longer  than  the  total  of  green;  the  other 
response  was  reinforced  if  green  had  been  longer 
than  red.  Incorrect  responses  produced  an  inter- 
trial  interval  during  which  all  fights  were  off. 


correct  right-key  response.  If  a  reinforcer  was  assigned  to  the  left  (right)  only  a  correct 
response  to  that  key  could  produce  food;  when  a  reinforcer  was  assigned  to  the  left 
(right),  correct  responses  to  the  right  (left)  key  simply  produced  the  intertrial  interval. 
This  procedure  was  instituted  to  hold  the  number  of  reinforcers  equal  for  left-key  and 
right-key  responses.  The  net  result  of  this  procedure  is  that  roughly  half  of  the  correct 
responses  resulted  in  food.  All  incorrect  responses  produced  the  1 0-sec  blackout.  In 
addition,  in  those  cases  in  which  the  total  red  and  green  durations  were  equal,  choices 
would  be  neither  correct  nor  incorrect,  so  choices  always  produced  a  blackout  under 
these  circumstances.  Each  session  consisted  of  a  series  of  trials  that  lasted  until  a 
pigeon  received  75  reinforcers. 

Figure  4  shows  the  probability  of  a  right-key  response  (reporting  green  as  longer 
than  red)  as  a  function  of  the  relative  difference  in  the  durations  of  red  and  green  and 
shows  orderly  functions  relating  probability  of  a  right-key  response  to  changes  in  the 
relative  durations  of  red  and  green.  The  functions  are  not  symmetrical  around  the  one 
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FETTEMMN  a  ORCYFUS 


DURATION  RATIO  (RED/GREEN) 


FIGURE  4.  Probability  of  a  right-key  response  (“green  longer  than  red")  as  a  function  of  the 
duration  ratio  of  red  to  green.  The  first  point  shows  performance  when  the  duration  of  red  was 
greater  than  four  times  that  of  green;  the  second  shows  performance  when  red  was  two  to  four 
times  longer  than  green,  and  so  forth.  The  data  comprise  many  different  duration  series  in  which 
data  from  the  last  five  sessions  were  totaled;  data  included  approximately  1000  problems  per 
pigeon.  The  upper  right  panel  shows  equivalent  data  from  an  experiment  by  Fctterman  and 
Dreyfus  in  which  performance  depended  on  two  rather  than  four  durations. 


to  one  ratio;  there  was  a  bias  to  respond  left  or,  stated  differently,  accuracy  was  higher 
in  cases  when  red  was  longer  than  green  as  compared  with  similar  cases  when  green 
was  longer  than  red.  Calculations  on  the  few  instances  (5-6  per  person)  in  which  red 
and  green  durations  were  equal  show  that  the  pigeons  responded  more  often  on  the  left 
key  in  these  cases.  The  pattern  of  performance  persisted  in  spite  of  the  procedural 
arrangement  of  holding  the  relative  number  of  reinforcers  equal  for  the  two  choice 
responses. 

The  upper  right  hand  panel  of  Figure  4  gives  the  comparable  data  from  the 
experiment  by  Fetterman  and  Dreyfus,  who  used  a  similar  procedure  except  with  only 
two  durations  for  comparison  rather  than  four.  Comparison  of  performance  in  the  two 
experiments  reveals  steeper  ogival  functions  in  their  experiment,  indicating  that 
performance  was  more  accurate.  This  difference  is  not  surprising  considering  the 
greater  difficulty  of  the  present  experiment. 

Figure  4  included  performance  across  a  wide  range  of  combinations  of  durations. 
A  reasonable  question  is  whether  performance  was  similar  when  the  durations  were 
short  and  when  they  were  long.  Notions  of  memory  might  suggest  that  accuracy  would 
be  lower  when  the  durations  were  long  since  a  greater  time  would  elapse  between  the 
early  durations  in  the  series  and  a  choice.  Figure  5  categorizes  the  data  into  two 
classes  of  duration  that  depend  on  the  total  time  of  the  duration  series,  with  the  classes 
being  divided  in  terms  of  the  average  combined  time  of  the  four  stimuli. 

Figure  5  indicates  that  the  two  sets  of  data  were  comparable  and  that  accuracy 
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was  similar  whether  the  durations  were  short  or  long.  The  two  functions  are  similar  for 
pigeons  20  and  69,  with  a  great  deal  of  overlap.  For  pigeon  1 1 ,  the  open  circles  lie  above 
the  solid  circles  in  most  comparisons.  The  difference  in  performance  appears  to  be  one 
of  bias  rather  than  sensitivity.  Pigeon  1 1  was  relatively  more  likely  to  respond  left  when 
the  total  duration  was  long  and  right  when  it  was  short,  but  accuracy  was  comparable 
in  both  cases. 

Another  question  concerned  the  relative  contribution  of  the  first  and  second 
red-green  duration  pairs.  The  reinforcers  were  arranged  with  respect  to  the  total  red 
and  total  green  durations,  but  the  question  can  be  raised  whether  choice  responses  were 
controlled  to  a  greater  degree  by  one  red-green  pair  than  the  other.  Consider  the 
second  red-green  pair.  Sometimes  the  red-green  relation  was  the  same  in  both 
red-green  pairs  (for  example,  red  longer  than  green  in  both  pairs)  and  sometimes  the 
relation  was  opposite  in  the  two  pairs.  In  addition,  the  duration  of  the  second  pair  was 
sometimes  longer  than  that  of  the  first  pair  and  sometimes  shorter.  If  the  second  pair 
was  longer,  the  contribution  of  this  pair  to  the  total  red-green  duration  would  be 
greater  than  the  first;  as  a  result,  the  second  pair,  although  opposite  to  the  first,  would 
provide  the  greater  contribution  to  the  total  red-green  ratio  and  hence  the  second 
red-green  relation  would  probably  correspond  to  that  of  the  total.  The  point  is  that  a 
pigeon,  responding  on  the  basis  of  only  the  second  red-green  pair  of  a  duration  series, 
could  be  correct  more  often  than  not  due  to  the  interrelations  between  the  different 
durations. 

Figure  6  provides  the  relevant  data  by  showing  probability  data  when  the 
red-green  relation  of  the  first  red-green  pair  (top  portions)  or  of  the  second  pair 
(bottom)  was  in  the  same  or  the  opposite  direction  as  the  relation  of  the  total  red  and 
green.  In  the  top  portions,  for  example,  the  solid  circles  show  performance  when  red 
was  longer  than  green  both  in  the  first  pair  and  total  relation,  and  when  green  was 
longer  in  both  cases;  the  open  circles  show  performance  when  the  first  red  was  longer 
than  green  while  the  total  green  was  longer  and  when  the  first  green  was  longer  than 
red  while  the  total  red  was  longer. 

The  most  general  finding  is  that  performance  changed  as  a  function  of  the  total 
red-green  duration  ratio  regardless  of  whether  a  similar  or  opposite  relation  occurred 
in  the  first  or  the  second  red-green  pair.  The  data  indicate  that  performance  was  not 
controlled  exclusively  by  either  the  first  or  second  red-green  pair.  Ai  a  more  specific 


•  TOTAL  DURATION  GREATER  THAN  OR  EQUAL  TO  20  SECONDS 


DURATION  RATIO  (RED/GREEN) 

FIGURE  S.  Probability  of  a  right-key  response  as  a  function  of  the  duration  ratio  of  red  to  green. 
Performance  is  shown  separately  for  problems  in  which  the  total  time  of  the  four  durations  was  20 
sec  or  longer  ( solid  circles)  or  less  than  20  sec  (open  circles).  The  data  are  based  on  totals  of  the 
last  five  sessions,  with  roughly  half  of  the  problems  20  sec  or  longer  and  half  shorter  than  20  sec. 


3SN34X3  1N3WNU3A09  «LV  a3?fKK)«d3fcf 


38 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


•  RELATION  M  THE  SMC  OMECTKM  AS  THE  TOTAL  RED-GREEN  RELATION 
o  RELATION  M  TIC  DIRECTION  OPPOSITE  THE  TOTAL  RED -GREEN  RELATION 


RELATION  0 f  RED  TO 


GREEN  IN  TIC  FKST  OUtATION  RAW 


DURATION  RATIO  (RED/GREEN) 


FIGURE  6.  Probability  of  a  right-key  response  as  a  function  of  the  duration  ratio  of  red  to  green. 
Presentation  of  the  data  emphasizes  the  first  red-green  duration  pair  (top)  and  the  second 
(bottom)  regarding  whether  the  relation  in  that  pair  was  in  the  same  or  opposite  direction  as  the 
total  red-green  relation.  In  the  top  paneb  solid  circles  represent  performance  when  the  duration 
of  red  (green)  was  longer  than  green  (red)  both  in  the  first  pair  and  also  in  the  total  relation.  The 
open  circles  represent  performance  when  duration  of  red  (green)  was  longer  than  green  (red)  in 
the  first  pair,  but  with  green  (red)  longer  in  the  total  relation.  The  bottom  panels  show  similar 
relations  computed  with  respect  to  the  second  red-green  pair.  Open  circles  are  not  shown  at 
extreme  ratios  since  few  instances  (generally  less  than  ten  in  the  five  sessions)  occurred. 


level,  the  data  indicate  a  somewhat  greater  contribution  by  the  second  red-green  pair. 
The  data  of  pigeon  69  are  instructive  since  this  bird  showed  greatest  control  by  the 
second  red-green  pair.  The  bottom  panel  for  this  pigeon  indicates  an  increasing 
function  when  the  second  pair  relation  was  in  the  same  direction  as  the  total,  but  a 
much  flatter  function  when  the  two  relations  were  opposite  in  direction.  The  small 
change  in  performance  and  generally  lower  accuracy  when  the  red-green  relation  in 
the  second  pair  differed  from  that  of  the  total  indicate  greater  control  by  the  second 
red-green  pair.  Comparison  of  the  data  for  pigeons  20  and  1 1  shows  that  the 
second-pair  functions  were  more  comparable,  with  overlap  in  the  two  sets  of  points. 
However,  accuracy  measures  derived  from  the  comparable  points  indicate  that  even 
for  these  pigeons  accuracy  was  higher  when  the  second-pair  relation  was  in  the  same 
direction  as  the  total  (68%  versus  62%  for  pigeon  20  and  72%  versus  69%  for  pigeon 
1 1).  The  data  indicate  a  relatively  greater  weighting  of  the  second  red-green  pair  in 
determining  choice  that  ranged  from  slight  (pigeon  11)  to  moderate  (pigeon  20)  to 
strong  (pigeon  69).  For  the  first  red-green  pair  (shown  in  the  top  panels  of  Figlrf  6). 
the  functions  are  roughly  similar.  If  there  is  any  difference,  the  difference  is  one  of 
higher  accuracy  when  the  relation  in  the  first  red-green  pair  was  opposite  that  of  the 
total.  The  reason  for  this  result  has  to  do  with  the  interrelation  of  the  first  and  second 
red-green  pairs  as  they  affected  the  total.  If,  for  example,  red  was  longer  th  in  green  in 
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the  first  pair,  then  green  would  have  to  be  even  longer  in  the  second  pair  for  the  total 
green  duration  to  be  longer  than  red.  The  greater  difference  in  the  second  pair 
(whether  due  to  a  more  extreme  red-green  ratio  or  to  longer  durations  in  the  second 
pair)  would  enhance  accuracy,  especially  in  light  of  the  greater  weighting  given  to  the 
second  red-green  pair.  The  data  both  from  the  top  and  bottom  portions  of  Figure  6 
indicate  somewhat  greater  control  by  the  second  red-green  pair. 

One  bird  was  exposed  to  a  condition  in  which  the  durations  were  increased 
four-fold.  Only  one  bird  was  used  because  of  the  increased  session  length  of 
approximately  8  hours.  Figure  7  shows  results  like  those  in  the  previous  figures.  The 
left  panel  shows  performance  for  all  durations  and  also  data  from  the  prior  condition 
for  comparison.  Performance  was  similar  for  the  two  conditions.  The  middle  panel 
shows  that  performance  was  comparable  whether  the  total  duration  was  more  or  less 
than  80  sec.  The  right  panel  shows  performance  computed  with  respect  to  the  second 
red-green  pair  and  whether  the  red-green  relation  was  the  same  or  opposite  the  total 
red-green  relation;  performance  was  similar  to  that  in  Figure  6.  Basically  the  results 
corroborate  those  of  the  previous  condition  while  extending  them  to  a  longer  set  of 
durations. 

The  results  demonstrate  that  pigeons  can  integrate  and  discriminate  the  duration 
of  events  in  the  task,  that  accuracy  is  not  markedly  affected  by  the  total  time  of  the 
four  durations,  and  that  performance  is  based  on  the  combination  of  more  than  two  of 
the  four  durations.  The  results  are  in  general  agreement  with  previous  results  in  which 
responses  depended  on  the  duration  of  a  single  stimulus  or  on  the  comparison  of  two 
durations.1516  The  different  results  agree  that  discrimination  accuracy  is  a  function  of 
relative  rather  than  absolute  differences  in  durations  and  that  performance  is 
comparable  across  different  ranges  of  durations.  The  most  obvious  difference  in  the 
results  is  lower  accuracy  in  the  present  task  (for  example,  the  comparison  in  Figure  4). 
That  accuracy  was  lower  is  not  surprising  since  the  task  was  more  difficult,  involving 
the  integration  and  comparison  of  several  durations. 

Performance  was  controlled  by  all  four  durations,  but  the  evidence  suggests  that 
there  was  a  greater  weight  given  to  the  earlier  durations  and,  at  the  same  time,  a 
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•  2-SEC  TIME  PULSES 
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•  TOTAL  2  90  SEC 
o  TOTAL  <  80  SEC 


•  SAME  DIRECTION 
o  OPPOSITE  OIRECTON 


DURATION  RATIO  (REtVGREEN) 


FIGURE  7.  Probability  of  a  right-key  response  (“green  longer  than  red  ')  as  a  function  of  the 
duration  ratio  of  red  to  green.  The  left  panel  shows  performance  on  all  problems  when  the  time 
base  controlling  duration  was  2  sec  ( solid  circles)  and  from  Figure  4  when  it  was  0.5  sec  (open 
circles).  The  center  panel  shows  performance  for  problems  with  a  total  duration  of  80  sec  or 
greater  ( solid  circles)  or  less  than  80  sec  ( open  circles).  The  right  panel  shows  performance 
computed  with  respect  to  the  second  red-green  pair  when  the  relation  in  that  pair  was  in  the  same 
direction  as  the  total  ( solid  circles)  or  the  opposite  direction  {open  circles).  Data  points  are  based 
on  totals  of  the  last  five  sessions. 
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greater  weight  given  to  the  second  red-green  pair.  Evidence  that  early  durations  were 
weighted  more  heavily  comes  from  findings  in  Figure  4  that  accuracy  was  higher  in 
cases  in  which  red  was  longer  than  green  as  opposed  to  comparable  cases  in  which 
green  was  longer  than  red  (for  example,  2:1  versus  1:2).  Also,  the  birds  responded  as  if 
red  was  longer  in  most  cases  when  ted  and  green  durations  were  equal.  These  results 
could  be  due  to  a  left-key  bias  that  was  independent  of  the  task,  but  this  possibility 
seems  rather  unlikely  since  performance  was  similar  in  all  three  birds  and  since  the 
reinforcement  contingencies,  which  fixed  relative  reinforcement  rate,  would  minimize 
such  a  bias.  It  it,  more  likely  that  something  about  the  task  produced  the  difference  in 
performance.  The  results  suggest  that  the  early  durations  might  be  perceived  as  being 
relatively  longer,  for  when  red  and  green  durations  were  equal,  the  animals  more  often 
responded  as  if  red  was  longer.  Perhaps  the  proper  scale  for  comparison  should  not  be 
the  physical  scale  based  on  clock  time  but  instead  a  psychological  scale.  Use  of  a 
psychological  scale  that  is  related  to  clock  time  by  a  power  function  (with  an  exponent 
less  than  one)  produces  similar  levels  of  accuracy  when  the  ratios  of  red  to  green  and 
green  to  red  are  comparable  in  terms  of  this  scale.  The  approach  of  using  the 
psychological  scale  is  reasonable,  and  previous  work  has  modified  scales  and  durations 
in  light  of  performance.16  While  an  approach  that  uses  a  psychological  scale  as  opposed 
to  a  physical  scale  may  be  reasonable,  some  caution  is  necessary.  Different  experiments 
have  suggested  different  scales  so  the  present  suggestion  of  a  power  function  conflicts 
with  other  suggestions  of  linear  and  logarithmic  scales.17  Hasty  conclusions  should  not 
be  made  on  the  basis  of  one  experiment. 

Findings  of  greater  control  by  the  second  red-green  pair  are  consistent  with 
research  involving  memory  for  sequences  of  events.1*  20  When  events  occur  in  sequence, 
performance  measures  show  greatest  influence  by  events  at  the  end  of  the  series.  While 
our  results  are  consistent  with  animal  memory  research  in  some  ways,  there  is  one  way 
in  which  they  are  not.  Research  with  other  tasks  as  well  as  duration  tasks  indicates  a 
lowering  of  accuracy  as  the  time  separating  a  stimulus  and  choice  increases.71  These 
results  imply  that  accuracy  in  our  task  would  decrease  as  the  total  time  of  the  duration 
series  increased  since  increases  would  produce  a  longer  delay  between  the  early 
durations  and  a  choice.  However,  findings  of  similar  levels  of  accuracy  over  different 
ranges  of  durations  raise  questions  about  the  way  in  which  memory  should  be 
considered  in  this  situation. 15 


DISCUSSION 

At  the  outset  of  this  paper,  a  distinction  was  made  between  sensory  and  perceptual 
frameworks  for  considering  temporal  discriminations  in  animals.  Two  experiments 
were  reported  which  grew  out  of  considerations  of  temporal  discrimination  from  a 
perceptual  approach.  The  experiments  are  only  preliminary  steps;  more  research  is 
necessary.  As  one  example,  pointing  in  a  different  direction,  Dreyfus  and  Stubbs 
trained  pigeons  to  discriminate  fixed  from  variable  sequences  of  events  when  one 
choice  was  reinforced  if  preceded  by  a  fixed  sequence  while  a  second  choice  was 
reinforced  if  preceded  by  a  variable  sequence.22  The  events  were  response- produced 
stimuli  rather  than  time-dependent  stimuli,  but  the  results  indicate  that  it  should  be 
possible  to  train  pigeons  to  discriminate  different  patterns  of  temporal  events.7' 
Collectively  the  experiments  argue  for  a  research  program  rooted  in  the  perceptual 
framework.  Different  stimuli  should  be  used:  not  just  lights,  sounds,  shocks  and  food, 
but  stimuli  that  change  in  a  variety  of  ways.  Different  tasks  should  be  used  that  tap  the 
various  processes  like  those  uncovered  with  human  time  perception  research  And. 


3SN3dX3  J.N31NNU3AOD  IV  Q330Q0ttd3d 


STUBBS  et  «/.:  PERCEPTION  OF  TEMPORAL  EVENTS 


41 


experiments  should  be  performed  that  focus  not  just  on  the  discrimination  of  simple 
duration,  but  on  the  discrimination  of  events  with  different  temporal  structure  and  in 
different  temporal  contexts.  The  study  of  animal  learning  has  long  ignored  the  findings 
of  perception.  Animal  time  perception  provides  an  opportunity  for  redressing  this 
neglect  by  taking  advantage  of  knowledge  gained  from  perception. 
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Subjective  Duration  in  Rats: 
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Rats  are  like  humans,  particularly  with  respect  to  time  perception.  Their  psychophysi¬ 
cal  function  is  likewise  a  power  function  of  the  form 

^  -  a(<j>  -  fa)e,  (1) 

where  ^  refers  to  subjective  and  4>  to  physical  duration. 

Consider  Figure  1.  The  two  upper  panels  describe  subjective  duration  as  functions 
of  physical  duration.  One  derives  from  an  experiment  with  a  human  observer,  the  other 
from  rat  No.  3.  The  agreement  of  the  black  points  with  the  curves  indicates  the 
goodness  of  fit.  Both  psychophysical  functions  build  on  the  parallel-clock  model  and 
are  derived  from  duration  reproduction  data. 

Let  me  briefly  recapitulate  the  parallel-clock  model.  A  thorough  description  will  be 
found  in  Eisler,1  with  further  clarifications  in  a  subsequent  paper.2  In  the  present 
duration  reproduction  task,  the  observer  is  presented  with  the  standard  duration,  which 
is  indicated  by  a  sound.  After  a  short  interruption,  the  sound  starts  again  and  is 
terminated  by  a  microswitch  (or  a  lever)  being  pressed  when  he,  she,  or  it  experiences 
the  second  duration  as  equal  to  the  first.  According  to  the  parallel-clock  model,  the 
observer  deals  with  two  subjective  quantities,  namely,  the  subjective  durations 
corresponding  to  (1)  the  total  duration  from  the  start  of  the  standard  to  the  end  of  the 
reproduction  (<f>T  -  <f>s  +  <fiy),  and  (2)  the  reproduction  (fa),  that  is,  the  variable 
response  duration  determined  by  the  observer  (</>  denotes  physical  time  in  sec,  and  the 
subscripts  S,  V,  and  T  denote  standard,  variable,  and  total,  respectively).  These 
subjective  durations  are  assumed  to  be  accumulated  in  two  separate  sensory  registers 
(“clocks”),  hence  the  name  parallel-clock  model.  The  second  duration  is  experienced 
as  equal  to  the  first  when  the  difference  between  the  total  subjective  duration  t/-r  and 
the  variable  subjective  duration  \f/y  equals  the  variable  subjective  duration: 

~ +v  -  tv  ■  (2) 


Figure  2  should  make  this  clear. 

Rearranging  Equation  2  shows  that  fa  -  '/i  \pT,  and  inserting  Equation  1  yields  the 
following  linear  relation  between  fa  and  fa: 

fa  -  Vh)'/0fa  +  [1  -  (x/i)'*)fa-  (3) 

With  enough  points  (standard  durations)  to  fit  the  straight  line,  Equation  3  allows 
computation  of  the  parameters  of  the  power  function  from  the  slope  and  intercept.  In 


aThis  work  was  supported  by  the  Swedish  Council  for  Research  in  the  Humanities  and  Social 
Sciences.  The  data  treatment  was  carried  out  at  the  Computer  Center  of  the  University  of  Leiden, 
the  Netherlands,  during  my  stay  as  a  fellow  at  the  Netherlands  Institute  for  Advanced  Study  in 
the  Humanities  and  Social  Sciences  at  Wasscnaar,  the  Netherlands. 
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1.  Duration  reproductions  from  a  rat  (left)  and  a  human  observer  (right).  The  upper  panels  describe  the  psychophysical  power  function, 
versus  physical  duration.  Black  dots  indicate  goodness  of  fit.  Lower  panels  show  plots  of  response  duration  $v  versus  total  duration  </>-,.  together 
tted  straight  lines.  The  slanted  lines  around  the  points  are  standard  deviations. 
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Onset  of  Offset  of  first  Offset  of 

first  duration  and  onset  of  second 

second  duration  duration 


- -  Physical  time  — 

FIGURE  2.  Duration  reproduction  according  to  the  parallel-clock  model.  Subjective  duration  is 
plotted  versus  physical  duration  for  the  total  duration  ( larger  curve)  and  the  response  duration 
( smaller  curve).  At  the  point  in  time  when  the  difference  between  these  two  subjective  durations 
(upper  arrow)  equals  the  subjective  response  duration  (lower  arrow),  the  observer  reports 
equality  between  standard  and  response  duration  by  pressing  the  lever  (rats)  or  the  microswitch 
(humans). 


this  way,  application  of  the  parallel-clock  model  allows  one  to  determine,  for  example, 
the  exponent  /3  from  duration  reproduction  data.  Later  I  shall  describe  the  data 
treatment  in  more  detail. 

Communication  with  students  of  psychology,  the  data  from  one  of  whom  I  just 
showed,  is  comparatively  easy,  at  least  compared  with  communication  with  rats.  But 
before  I  go  into  the  details  of  the  experiment,  describing  the  learning  procedure  that 
has  to  replace  verbal  communication  with  humans,  I  want  to  mention  two  pitfalls,  the 
avoidance  of  which  probably  was  a  necessary  condition  for  the  comparatively 
successful  outcome  of  my  experiment,  as  opposed  to  those  of  Reynolds1  or  Mandell  and 
Atak,4  for  example.  The  first  pitfall  is  the  coupling  of  two  temporal  requirements,  as 
when  reinforcement  after  a  temporal  task  is  given  by  a  variable-interval  schedule 
instead  of  using  continuous  reinforcement  (compare  the  viewpoints  of  Stubbs'). 

The  other  pitfall  is  the  ambition  that  rats  should  reproduce  time  veridicallv,  that  is, 
reinforcing  responding  within  a  small  band  of  durations  around  the  standard  duration. 
We  know  from  experiments  with  humans  that  reproductions  often  lie  far  below  the 
standards:  Why  should  those  of  rats  be  closer? 


METHODS 

Subjects 

The  subjects  were  eight  male  blackhoodcd  rats,  obtained  51  days  after  birth  and 
aged  about  I  year  and  4  months  at  the  termination  of  the  experiment.  They  were  kept 
at  80%  of  their  free-feeding  weight  (compared  with  a  control  group  of  four  animals  of 
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the  same  age)  in  individual  plastic  cages  in  a  room  without  windows  in  which  the 
day-night  light  cycle  was  reversed,  so  that  they  were  taken  to  the  experimental 
chamber  from  a  dark  room. 


Apparatus 

The  experiment  took  place  in  a  Skinner  box,  endowed  with  a  lever  and  a  small 
loudspeaker,  the  distorted  tone  of  which  indicated  the  durations.  Reinforcement 
consisted  of  5-sec  access  to  sugar-sweetened  diluted  condensed  milk  delivered  by 
means  of  a  small  movable  spoon.  I  do  not  want  to  describe  the  apparatus  in  detail  here; 
its  function  will  become  clear  in  the  following  descriptions  of  the  procedure.  Stimuli 
and  contingencies  were  controlled  by  means  of  a  punched  Mylar  tape  closed  to  a  loop; 
the  rats’  behavior  was  registered  both  on  paper  tape  and  counters.  Here  we  are 
concerned  only  with  the  response  durations  <pv. 


Learning  to  Reproduce  Durations 

The  experiment  consisted  of  three  phases.  The  first  was  just  magazine  training.  In 
the  third  phase  the  subject  was  presented  with  a  standard  duration,  followed  by  a  short 
pause  of  300  msec,  after  which  the  tone  started  again  until  it  was  terminated  by  a  lever 
press.  The  object  of  the  second  phase  was  to  teach  the  rats  to  attend  to  this  short  pause, 
that  is,  to  an  interruption  of  the  tone.  Before  going  into  phase  2  in  detail,  I  want  to 
describe  procedural  features  common  to  phases  2  and  3.  Sessions  were  daily  (weekdays 
and  holidays  alike)  and  mostly  lasted  1  hour.  Each  session  consisted  of  cycles,  and  each 
cycle  of  four  or  five  parts  (Fig.  3).  A  cycle  begins  with  a  long  pause  of  30  sec,  with  no 
tone  and  during  which  a  lever  press  is  of  no  consequence.  The  next  part  is  the  standard 
duration,  indicated  by  the  tone,  and  thereafter  the  short  pause  of  300  msec.  Then  the 
tone  comes  on  again  and  is  terminated  by  the  rat’s  lever  press.  If  the  rat's  previous 
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FIGURE  3.  Cycle  with  correct  (upper panel)  and  incorrect  behavior  (lower  panel)  during  phase 
2.  The  thick  lines  indicate  the  ongoing  tone,  and  vertical  arrows  denote  lever  presses.  P  -  the  long 
pause;  A  -  the  presented  standard  duration,  in  the  lower  panel  lengthened  by  the  punishment 
time,  S;  I  -  the  interruption  of  the  tone;  B  -  the  latency  between  the  offset  of  the  interruption  and 
the  following  lever  press;  F  -  the  feeding  period. 
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behavior  during  the  cycle  has  been  correct  (see  below),  the  cycle  ends  with  the  feeding 
period,  before  the  long  pause  of  the  next  cycle  starts.  Otherwise  the  long  pause  follows 
directly  upon  the  lever  press  that  terminates  the  tone.  There  were  ten  different 
standard  durations,  logarithmically  spaced  between  1.3  and  20  sec,  presented  in  a 
pseudo-random  series  in  a  block  of  30.  That  is,  after  30  cycles,  during  which  every 
standard  duration  occurred  three  times,  the  whole  series  was  repeated  by  means  of  the 
closed  loop  of  the  punched  tape.  The  ten  standard  durations  are  found  in  the  second 
row  of  Table  1. 

In  phase  2  the  rats  had  to  learn  to  attend  to  the  interruption  of  the  tone.  This  was 
achieved  by  rewarding  them  for  not  pressing  the  lever  during  the  tone  before  the 
interruption.  A  lever  press  during  the  standard  A  (the  first  tone)  lengthened  that  tone 
by  4  sec  (to  avoid  superstitious  chaining)  and  reward  was  withheld,  so  that  the  lever 
press  during  the  second  tone  was  followed  by  the  long  pause  immediately.  If  no  lever 
presses  occurred  during  the  first  tone,  the  lever  press  that  terminated  the  second  tone 
was  followed  by  the  feeding  period  before  the  long  pause  of  the  next  cycle.  Phase  2  w  as 
concluded  after  68  sessions,  at  which  time  the  performance  of  the  rats  had  stabilized  at 
a  satisfactory  level.  There  was  only  a  single  completely  error-free  session,  and  this  was 
achieved  by  rat  No.  3. 

In  phase  3  the  contingencies  of  lever  pressing  during  the  first  tone  were  removed. 
Instead,  the  animals  were  rewarded  for  pressing  the  lever  during  the  second  tone  if  the 
duration  of  this  tone  was  between  bounds  that  depended  on  the  particular  standard 
duration,  irrespective  of  possible  lever  presses  during  the  first  tone.  I  made  use  of  two 


table  l.  The  Ten  Standard  Durations  with  Lower  and  Upper  Bounds  (sec) 


Lower  bounds 

0.35 

0.65 

1.00 

1.40 

1.90 

2.85 

3.85 

4.85 

6.20 

7.50 

Standard  durations 

1.3 

1.8 

2.5 

3.3 

4.5 

6.0 

8.1 

11.0 

14.8 

20.0 

Upper  bounds 

1.30 

1.80 

2.80 

3.80 

4.80 

6.10 

7.40 

11.50 

15.20 

21.00 

sets  of  bounds.  The  first  set  consisted  of  half  the  standard  duration  as  the  lower  and  1 .5 
times  the  standard  duration  as  the  upper  bound,  and  was  used  for  four  of  the  eight  rats. 
The  second  set,  listed  in  Table  1,  was  used  for  the  remaining  four.  For  these  latter 
bounds,  the  data  obtained  from  the  duration  reproduction  experiment  with  humans' 
were  used  as  a  guideline.  (Originally,  I  regarded  the  experiment  with  humans  as  a  pilot 
study  for  the  rat  experiment.)  As  the  lower  bound  a  value  was  chosen  close  to  the 
shortest  reproduction  given  in  any  of  the  six  trials  by  any  of  the  12  observers  for  that 
particular  standard.  The  upper  bound  was  chosen  similarly.  For  both  bounds,  but 
particularly  for  the  upper,  restrictions  had  to  be  imposed  in  order  to  minimize  the 
overlap  between  adjacent  bands. 

Naturally,  learning  to  reproduce  durations  had  to  proceed  slowly,  step  by  step. 
Thus,  the  animals  were  not  exposed  to  all  ten  standard  durations  from  the  very  start  of 
phase  3.  The  first  standard  duration  used  was  the  second  shortest  (that  is,  1 .8  sec),  for 
which  a  correct  reproduction,  in  accordance  with  what  was  said  above,  had  to  lie  cither 
between  0.9  and  2.7,  or  between  0.65  and  1.8  sec.  These  bands  have  a  small  overlap 
with  the  latencies  (B  in  Figure  3)  from  phase  2,  so  that  thr  longer  of  these  latencies 
were  reinforced.  After  a  number  of  sessions  with  1.8  sec,  the  procedure  was  repeated 
with  6  and  5  sec,  respectively.  Then  the  demands  were  stepped  up  further  by  presenting 
both  1.8-  and  6-  (or  5-)  sec  durations  in  random  order  in  the  same  session.  Before  all 
ten  durations  were  used,  the  rats  had  to  work  with  20-sec  durations,  either  alone,  or  in 
combination  with  other  durations.  Which  stimuli  to  choose  for  a  session  was  to  a 
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certain  extent  a  trial-and-error  procedure  and  depended  on  the  individual  rat's 
performance.  Accordingly,  the  rats  had  different  learning  histories. 

The  experiment  was  terminated  when  the  performance  of  the  rats  deteriorated.  I 
have  three  possible  explanations  for  this  deterioration:  (1)  The  clock  controlling  the 
light  in  the  animal  housing  room  stopped  working,  so  that  it  was  dark  there  at  all  times. 
This  was  discovered  only  after  the  termination  of  the  experiment.  (2)  The  rats  may 
have  reverted  to  more  “normal"  behavior  (compare  the  work  of  Breland  and  Breland5). 
(3)  Senility  may  have  occurred  in  the  rats. 


Data  Treatment 

The  data  from  each  session  were  dealt  with  separately.  Every  standard  duration 
was  presented  between  six  and  nine  times  during  a  session  (a  result  of  using  a  block  of 
30  for  the  ten  standards).  The  means  of  the  reproductions  for  every  standard  duration 
were  calculated. 

However,  rats  are  no  better  than  humans.  Rats  are  occasionally  subject  to  mistakes 
in  their  reproductions,  which  could  be  ascribed,  by  analogy  with  those  in  humans,  to 
anticipatory  errors  and  slackened  attention.  That  is,  there  were  a  few  lever  presses 
almost  directly  after  the  short  pause,  and  a  few  very  late  ones,  compared  to  the  rest,  for 
a  given  standard  duration.  The  rule  of  thumb  I  used  was  to  remove  reproduction  values 
whenever,  after  rank  ordering,  the  ratio  between  the  second  lowest  and  the  lowest  value 
exceeded  1.7,  and  in  like  manner  for  the  highest  and  second  highest.  In  Session  208  of 
rat  No.  3,  for  instance,  which  is  the  one  shown  in  Figure  1,  of  the  79  reproduced 
durations,  three  were  excluded  from  the  data  treatment.  Somewhat  surprisingly,  the 
scatter,  measured  as  standard  deviation  (S.D.),  is  roughly  the  same  for  the  human  and 
animal  subjects,  as  indicated  by  the  sloped  lines  through  the  data  points  in  the  lower 
panels  of  Figure  1 .  (Their  inclination  is  due  to  having  fallible  values  on  both  axes.) 

The  rest  of  the  calculations  are  somewhat  more  complicated  than  indicated  by 
Equation  3.  Both  human  and  animal  data  show  a  break  or  discontinuity  in  their 
psychophysical  function,  entailing  more  than  one  straight  line  when  0,  is  plotted 
against  0r  (see  Figure  1 ,  lower  panels).  These  breaks  are  described  in  detail  in  Eisler.' 
and  it  is  interesting  to  find  them  again  in  the  rat  data.  A  break  indicates  a  change  in 
one  or  two  of  the  parameters  in  Equation  1,  namely,  in  a,  0O,  or  both. 

The  lines  were  fitted  by  the  method  of  weighted  least  squares,  with  the  reciprocals 
of  the  variances  of  the  points  as  weights.  This  was  recommendable  because  of  lack  of 
homoscedasticity,  one  cause  of  which  is  a  tendency  for  the  standard  deviations  to 
increase  with  the  0  values,  that  is,  to  conform  to  Weber’s  law,  which  seems  to  hold 
approximately.  The  other  cause  is  the  division  of  the  psychophysical  function  into  two 
segments  on  either  side  of  the  break.  Near  the  break  the  psychophysical  function 
sometimes  is  not  defined,  so  that  the  subjective  duration  corresponding  to  the  abscissa 
at  the  break  can  oscillate  between  the  two  segments.  This  shows  up  as  reproduction 
values  that  sometimes  seem  to  belong  to  one,  and  sometimes  to  the  other  straight  line 
when  0  is  close  to  the  transition  point.  The  implication  is  that  the  mean  is  misleading. 
On  the  other  hand,  assigning  single  values  to  the  one  or  the  other  straight  line 
according  to  appearance  is  too  arbitrary.  When  using  weighted  least  squares,  however, 
the  impact  of  such  a  point  on  the  fit  is  strongly  reduced  by  its  large  variance. 

Unfortunately,  often  the  data  are  not  so  clear-cut  that  one  can  be  completely 
certain  where  the  break  lies.  Therefore  I  carried  out  the  fitting  for  every  data  set  with 
the  break  positioned  at  all  possible  values  and  chose  the  parameter  set  that  yielded  the 
least  sum  of  squared  deviations.  About  20  such  runs  were  carried  out  for  every  data 
set. 
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RESULTS 

Of  the  eight  experimental  animals,  only  two  “made  it,”  both  belonging  to  the  group 
with  bounds  based  on  the  experiment  with  humans,  the  group  with  lowest  lower 
bounds.  By  “made  it”  I  mean  that  there  was  at  least  one  session  that  fulfilled  the 
following  two  criteria:  (1)  50  “correct”  reproductions  (a  session  was  shut  off  after  50 
feedings)  and  (2)  at  least  one  “correct”  reproduction  of  every  one  of  the  ten  durations. 
The  reason  for  the  first  requirement  was  two-fold:  good  performance  (about  60-80% 
correct  cycles)  and  enough  reproduction  values  for  each  standard  duration  to  obtain  a 
fairly  stable  mean.  The  second  requirement  excluded  the  “cheating”  animals,  who 
tended  to  reproduce  only  the  shorter  standards  correctly  and  press  the  level  much  too 
soon  after  the  longer  ones. 

All  in  all,  this  result  can  hardly  be  considered  brilliant,  with  only  two  out  of  eight 
rats  furnishing  usable  data,  but  in  view  of  the  communicative  difficulties,  it  may  be 
regarded  as  acceptable.  Data  from  16  sessions  of  rat  No.  3  and  from  two  sessions  of  rat 
No.  10  could  be  used. 

By  now  I  have  investigated  six  sessions  with  rat  No.  3  and  one  with  rat  No.  10.  The 
exponents  0  for  the  first  rat  varied  between  0.43  and  0.70,  with  a  mean  of  0.55  and  a 
median  of  0.52.  The  exponent  for  rat  No.  10  was  0.45. 

DISCUSSION 

As  mentioned  before,  six  of  the  eight  experimental  rats  never  learned  their  task  and  one 
of  the  remaining  two  produced  only  two  acceptable  sessions.  The  most  obvious  reason  is 
that  communication  failed.  The  data  for  most  of  the  rats  seem  to  indicate  that  they, 
rather  than  reproducing  durations,  categorized  the  standards  into  a  few  classes,  each 
eliciting  a  corresponding  response  duration.  An  exponent  as  low  as  0.5  implies  that,  for 
a  given  time  interval  of  middle  or  long  duration,  most  of  the  temporal  experience  is 
crammed  into  its  first  portion,6  so  that  the  category  “long  durations"  becomes  quite 
wide.  From  this  it  follows  that  the  same  response  duration  is  given  over  a  wide  range  of 
the  higher  standards.  This  interpretation  merges  with  the  description  of  the  “cheating" 
animals  given  above.  It  might  be  worth  noting  that  rat  No.  3,  the  successful  one.  also 
was  best  in  phase  2  of  the  experiment,  suggesting  individual  differences  in  the  sort  of 
ability  required  for  good  performance  in  the  present  experiment.  On  the  other  hand, 
rat  No.  3  was  the  only  one  trained  during  phase  3  with  a  tape  comprising  the  standards 
1 .8,  5,  and  20  sec,  in  which  the  block  of  30  consisted  of  1 6  presentations  of  20  sec  and 
only  seven  of  the  other  two  standards.  So  I  might  just  have  hit  upon  a  particularly 
efficient  training  procedure. 

Several  conclusions  can  be  drawn  from  the  study  reported  here.  I  would  like  to 
separate  them  into  three  problem  areas:  (i)  procedures  for  the  study  of  psychophysics 
in  animals,  (ii)  experienced  duration  in  rats,  and  (iii)  scaling. 


Procedures  in  Animal  Psychophysics 

In  many  experiments  it  has  been  demonstrated  that  animals  can  be  brought  under 
the  control  of  temporal  stimuli.  For  an  overview  see,  for  example,  the  work  of  Stubbs. 
However,  unlike  the  present  experiment,  only  one  or  two  durations  or  classes  of 
durations  have  been  used.  Furthermore,  the  present  experiment  combines  stimulus 
discrimination  and  response  differentiation  in  the  same  task,  which  has  been  more  the 
exception  than  the  rule  previously.  It  is  quite  clear  that  a  rather  finely  graded 
discrimation,  as  well  as  differentiation,  has  been  achieved.  However,  the  task  was 
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extremely  difficult,  as  can  be  concluded  from  the  fact  that  even  the  best  rat’s  behavior 
never  stabilized  in  the  sense  that  performance  was  reliable  from  session  to  session.  The 
16  sessions  with  data  fit  for  use  were  interspersed  between  sessions  183  and  252  of 
phase  3. 


Experienced  Duration  in  Rata 

While  1  obtained  a  0  value  of  about  0.5,  previous  attempts  to  scale  subjective  time 
in  animals  in  terms  of  power  functions  resulted  in  exponents  that  also  characterize 
results  in  human  adults,4  that  is,  a  value  close  to  unity.1  The  reason  for  this  latter  value 
of  the  exponent  probably  lies  in  theoretical  confusion  regarding  the  data  obtained  and 
the  internal  representation  of  duration,  as  explained  in  detail  by  Platt.8  Considering 
that  the  0  value  for  children  is  much  lower  than  for  adult  humans,6  the  present  result 
gains  in  plausibility.  It  is  likely  that  for  children,  as  well  as  for  rats,  what  happens 
“now”  is  more  important  than  what  happens  later  on,  that  is,  that  for  a  given  longer 
time  interval,  experienced  duration  is  concentrated  to  its  first  part  (see  above). 


Scaling 

From  the  scaling  aspect  it  is  worth  emphasizing  that  the  parallel-clock  model  seems 
to  work  as  well  with  animal  as  with  human  duration  reproduction  data.  It  is 
remarkable  that  the  data  are  so  similar,  as  Figure  1  demonstrates,  including  the  break 
in  the  psychophysical  function.  Since  this  is  the  third  data  set  accommodating  the 
parallel-clock  model  (the  second  are  duration  discrimination  data9),  the  model  can  be 
considered  well  supported.  The  outcome  of  the  present  investigation  strengthens  the 
evidence  for  Stevens’  power  law  (Equation  1 )  as  an  internal  representation  for  duration 
and  generalizes  it,  to  my  mind  convincingly,  to  animals,  or,  at  least,  rats. 

I  stated  at  the  outset  that  rats  are  like  humans,  at  least  regarding  time  perception. 
Perhaps  it  would  have  been  more  correct  to  claim  that  they  are  like  children  in  that 
respect. 
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INTRODUCTION 

A  recent  report  of  ours'  proposed  an  information-processing  account  of  temporal 
generalization.  The  account  posited  a  clock  process,  which  was  the  basic  time 
measurement  device,  and  working  and  reference  memory  for  storing  the  output  of  the 
clock  either  temporarily  or  relatively  permanently.  Records  of  time  intervals  in 
working  and  reference  memory  were  then  compared  using  a  binary  decision  process, 
which  dictated  responding  or  not  responding.  The  analysis  concentrated  on  a  relativis¬ 
tic  Weber’s  law  property  of  the  data  from  temporal  generalization,  and  the  constraints 
this  property  imposed  on  sources  of  variance  in  the  information-processing  stages.  Our 
purpose  here  is  to  summarize  that  work  and  generalize  the  model  in  two  ways:  First  we 
consider  several  sources  of  variance  operating  simultaneously.  The  original  analysis 
demonstrated  that  if  only  one  source  of  variance  is  present,  it  must  be  a  scalar  source, 
that  is,  it  must  result  in  a  variable  memory  for  which  variance  increases  with  the  square 
of  the  mean.2  In  the  generalized  account  proposed  here,  we  will  develop  the  conclusion 
that  scalar  sources  dominate  in  some  time  ranges,  while  other  sources  may  dominate  in 
others.  These  ideas  are  then  applied  to  two  additional  timing  tasks  with  different 
characteristics. 


TEMPORAL  GENERALIZATION 

The  reference  experiment  for  temporal  generalization  is  a  straightforward  task  with 
rats  that  was  reported  earlier.3  The  procedure  is  simple:  The  houselight  in  an  operant 
chamber  is  turned  off  for  a  duration  of  time,  T.  Then  a  retractable  lever  is  inserted  into 
the  chamber.  After  a  5-sec  opportunity  to  respond,  the  lever  is  withdrawn  and  a  30-sec 
intertrial  interval  begins.  If  the  light-off  stimulus  lasts  for  the  “correct"  duration,  say. 
4  sec,  a  response  is  reinforced  with  a  pellet  of  food.  If  it  is  not  4  sec,  no  reinforcement  is 
forthcoming. 

The  typical  result  is  that  rats  come  to  respond  with  high  probability  when  the 
duration  is  4  sec,  and  with  decreasing  probability  for  stimuli  either  longer  or  shorter 
than  4  sec. 

Figure  I  shows  how  this  decline  changes  with  changes  in  the  size  of  the  reinforced 
duration  (S  + ).  The  probability  of  responding  on  the  lever  for  three  groups  is  shown  as 
a  function  of  signal  duration  when  the  rewarded  duration  was  either  2  sec  (top  panel). 
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4  sec  (second  panel),  or  8  sec  (third  panel).  In  each  case  the  maximum  response 
probability  is  near  S+,  and  the  spread  of  responsiveness  around  5+  increases 
considerably  with  increases  in  the  5+  value. 

The  way  in  which  the  spread  is  related  to  the  size  of  S  +  is  shown  in  the  bottom 
panel,  which  plots  these  data  on  a  relative  time  scale  in  which  signal  durations  are 
taken  as  proportions  of  the  S+  duration.  The  data  from  the  different  groups  roughly 
superpose  in  this  metric.  This  property,  which  we  have  called  the  scalar  property,  is 
ubiquitous  in  animal  timing  work  in  the  seconds-to-minutes  range.2  The  scalar 
property  we  will  see  exerts  strong  constraints  on  admissible  sources  of  variance  and  on 
admissible  comparison  rules  for  the  decision  whether  to  respond  or  not. 


FIGURE  1.  Response  probability  gradients  for  three 
groups  of  rats  studied  with  three  different  placements  of 
the  positive  signal.  Data  points  represent  median  response 
probability  and  are  replotted  in  the  bottom  panel  on  a 
relative  time  scale.  (After  Church  and  Gibbon.2) 


-  T/S+  — > 


Our  information-processing  model  for  this  situation  is  shown  in  Figure  2.  The  top 
row  shows  the  clock  process,  which  includes  a  pacemaker  and  a  switch  for  gating  pulses 
to  an  accumulator  in  working  memory.  The  pacemaker  generates  pulses  at  a  mean  rate 
(A)  that  we  assume  is  high  relative  to  the  time  values  (seconds  to  minutes)  that  we  use 
in  these  experiments.  The  switch,  after  appropriate  training  (instructions),  gates  pulses 
for  a  mean  duration  ( DT )  to  an  accumulator  in  working  memory  (second  row)  when  the 
timing  signal  is  present.  The  accumulator  records  and  stores  the  number  of  pulses 
(mean  of  A/r).  When,  at  the  end  of  a  given  trial,  a  response  is  made  and  reinforced 
( T  =  S  + ),  the  time  value  recorded  in  working  memory  on  that  trial  is  stored  in  a  more 
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permanent  reference  memory  for  reinforced  values  (mean  of  M*.)-  The  third  row 
shows  the  decision  process.  A  response  occurs  when  a  comparator  yields  a  judgment 
that  the  current  record  in  working  memory  for  this  trial  is  “close  enough”  to  the 
reference  memory  for  the  reinforced  duration  to  warrant  a  response. 

In  Figure  3  we  show  the  clock  process  in  more  detail.  Imagine  a  pacemaker 
generating  pulses  with  interpulse  intervals,  r,  with  mean  rate  A  =  X.  In  this  figure,  the 
pulses  are  evenly  spaced  to  indicate  no  variance.  In  later  analyses  we  consider  variance 
in  these  parameters." 

The  pulses  are  switched  into  the  accumulator  by  the  switch  indicated  in  the  middle 
box.  The  switch  (SIV)  is  assumed  to  have  some  latency  to  close  (f,)  after  the  signal  goes 
on,  and  some  latency  to  open  (r2)  after  the  signal  goes  off.  Thus,  the  mean  time  during 
which  pulses  are  gated  into  the  accumulator  is  DT  =  T  -  T0 ,  where  T0  is  the  expected 


CLOCK 

PROCESS 


FIGURE  2.  Information-processing  model. 
The  top  row  describes  a  clock  process  with  a 
memory  pacemaker  generating  pulses  that  are 
switched  into  an  accumulator  for  working 
memory  (middle  row).  After  reinforcement, 
working  memory  contents  are  stored  in  a 
reference  memory  for  later  comparison  on 
subsequent  trials  with  the  current  working 

DECISION  memory  value. 

PROCESS 


difference  between  the  latencies  to  close  and  open  the  switch.  In  principle.  Tn  may  be 
negative  as  well  as  positive.  The  graph  above  the  switch  shows  this  linear  relation 
between  DT and  T.  The  intercept  is  the  minimum  signal  duration  below  which  counts 
do  not  register  in  the  accumulator.  For  signal  durations  less  than  this  minimum,  the 
switch  is  opened  before  it  has  closed  so.no  pulses  are  switched  into  the  accumulator 
Conversely,  if  the  latency  to  reopen  the  switch  exceeds  the  initial  latency  to  close  it 
(f2  >  f  v ),  even  a  very  short  signal  duration  suffices  to  allow  counts  to  register  during  the 
t2  latency.  If  /,  and  t2  were  precisely  the  same,  the  switch  duration  would  mimic  exactly 
the  signal  duration.  In  general,  this  situation  is  unlikely,  however,  and  these  two 
latencies  constitute  one  of  the  sources  of  variance  that  we  will  consider  later. 

The  accumulator  in  this  scheme  simply  records  the  number  of  impulses  gated  to  it. 
The  mean  accumulated  number,  Mr,  therefore,  is  just  the  impulse  rate  times  the 

°We  generally  refer  to  random  variables  with  lowercase  letters  and  their  expectations  with  the 
corresponding  uppercase  letter  (for  example,  DT  -  E(dT)).  An  exception  is  X,  which  can  play  a 
dual  role  in  the  Poisson  pacemaker. 
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FIGURE  3.  Clock  process.  The  pacemaker  generates  impulses  at  intervals  of  r  and  these 
impulses  are  gated  into  an  accumulator  by  the  switch.  The  switch  has  a  latency  to  close  at  the 
beginning  of  the  stimulus  and  to  open  at  the  end  of  the  stimulus.  The  accumulator  records  the 
number  of  impulses  gated  to  it  during  the  interval  that  the  switch  is  closed.  (After  Gibbon  and 
Church.1) 


duration  that  the  gate  is  closed,  as  shown  in  the  lower  graph  directly  above  the 
accumulator.  The  upper  graph  shows  the  accumulation  value  as  a  function  of  signal 
duration.  The  switch  introduces  the  non-zero  intercept. 

The  memory  system  that  we  propose  here  is  much  simpler  than  is  probably  realistic 
for  memory  models  (for  example,  that  of  Heinemann45).  However,  it  is  quite 
complicated  enough  to  analyze,  even  in  this  oversimplified  form.  We  propose  that  the 
working  memory  directly  reflects  the  accumulated  count  as  shown  in  the  proportional 
plot  above  working  memory  in  Figure  4  (and  in  Figure  3).  When,  for  a  given 
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FIGURE  4.  Memory  process.  The  accumulator  in  working  memory  directly  reflects  counts  gated 
to  it  from  the  pacemaker.  On  reinforced  trials  the  working  memory  record  for  that  trial  is  stored  in 
a  more  permanent  reference  memory.  (After  Gibbon  and  Church.1) 
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condition  (series  of  trials),  5  +  is  fixed  at  some  value,  and  when  on  a  particular  trial 
5  +  is  presented  (T  =  5  +  )  and  a  response  is  made  and  reinforced,  the  value  stored  in 
reference  memory,  m*.,  is  a  proportional  representation  of  the  value  on  that  trial 
recorded  in  working  memory  (nts.).  The  comparison,  then,  on  subsequent  trials,  is 
between  the  current  value  in  working  memory,  mT ,  and  a  stored  value  in  reference 
memory,  m*,.  The  judgment  whether  or  not  to  respond  is  based  on  some  kind  of 
comparison  between  these  two  values. 

Several  major  features  of  this  account  are  present  in  an  early  proposal  of 
Treisman,4  in  which  a  pacemaker,  counter,  store  (memory),  and  comparator  occur.  To 
our  knowledge,  that  was  the  first  model  to  use  a  form  of  scalar  timing  (equation  1 1 ) 
explicitly  in  a  timing  system.  Creelman7  some  years  ago  also  proposed  a  timing  model 
in  which  a  pacemaker  and  a  counter  were  involved,  but  with  a  Poisson  rather  than 
scalar  form  of  variance.  These  distinctions  will  come  in  for  more  discussion  later. 

In  our  earlier  analysis'  we  discuss  briefly  the  need  for  separate  lines  of  evidence  to 
establish  the  existence  or  utility  of  each  of  the  processes  in  this  account."  In  the  present 
article  we  will  concentrate  on  features  of  the  account  that  may  be  applied  in  a  similar 
manner  to  similar  and  dissimilar  timing  tasks. 

First,  however,  a  brief  summary  of  our  earlier  analysis  is  necessary.  We  first 
examined  a  case  in  which  there  was  no  variance  in  the  system  whatever,  so  that  the 
values  in  the  accumulator  in  working  memory  and  in  reference  memory  were  all 
one-to-one  with  the  appropriate  signal  durations. 

Two  response  rules  were  examined,  one  of  which  compared  the  current  time  value 
in  working  memory  with  the  remembered  time  value  in  reference  memory,  and 
dictated  a  response  when  these  two  values  were  “close  enough,"  that  is.  when  the 
absolute  discrepancy  between  them  lay  below  a  certain  threshold.  The  absolute  rule  for 
the  no-variance  case  is  shown  in  Figure  5  in  the  top  row.  The  tics  on  the  abscissa  in  the 
upper  left  panel  indicate  respectively,  T0,  5 ,  and  25,  corresponding  to  the  minimum 
signal  duration,  a  given  5+  duration,  and  a  second  5+  duration  set  at  double  the  first. 
These  might  be  appropriate,  say,  to  the  2-sec  and  4-sec  5  +  conditions  in  Figure  1 .  The 
absolute  difference  between  M*  and  MT  is  shown  decreasing  to  0  at  5  and  increasing 
beyond  it  as  the  solid  line  function.  The  positive  diagonal  hatching  shows  the 
acceptance  region  within  which  responses  are  required  when  the  absolute  discrepancy 
falls  below  the  threshold  value  indicated  by  the  horizontal  line,  B.  When  the  5  ■+■  value 
is  doubled  (at  25),  the  dashed  line  shows  the  discrepancy  function  for  this  case,  and  the 
negative  diagonal  hatching  indicates  the  acceptance  region. 

In  the  middle  panel  of  the  top  row  the  response  consequences  are  plotted  in  real 
time.  In  the  first  case  for  5+  =  5,  responding  occurs  whenever  T  is  within  an  absolute 
window  of  5,  and  the  same  rule  for  5+  =  25  produces  the  same  spread  around  the 
reinforced  5+  value.  In  the  upper  right  panel  these  step  functions  for  response 
probability  are  replottcd  in  relative  time,  as  a  function  of  T/S  +  .  The  efficiency  of  the 
absolute  rule  is  seen  to  increase  considerably  in  relative  time  as  5+  is  increased.  The 
spread  in  relative  time  around  5+  =  25  is  much  smaller  than  that  around  5+  -5  in 
this  plot.  This  plot  is  comparable  to  that  in  the  bottom  panel  of  Figure  l .  It  shows  that 
an  absolute  comparison  rule  is  untenable  under  these  assumptions. 

In  the  bottom  row  of  Figure  5,  we  show  an  alternative  response  rule,  which 
compares  the  absolute  discrepancy  between  the  current  time  and  the  remembered 
reinforced  time,  to  the  remembered  reinforced  time.  This  relative  rule  requires  a 
response  whenever 
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The  subjective  discrepancy  is  taken  as  a  proportion  of  the  reference  memory  value  for 
reinforcement.  In  the  panel  in  the  lower  left,  the  solid  line  function  for  5  +  =  5  is  shown 
decreasing  from  1.0  down  to  0  and  back  up  for  T  >  5  as  in  the  panel  above.  Now. 
however,  the  threshold,  B,  is  a  proportion.  When  the  discrepancy  is  less  than  this 
proportion,  responding  is  dictated.  Again  the  acceptance  region  is  indicated  by  positive 
diagonal  hatching. 

The  dashed  function  shows  the  relative  subjective  discrepancy  for  5  +  -  25.  When 
S+  is  doubled,  the  window  size  nearly  doubles  also,  as  the  negative  diagonal  hatching 
shows.  In  the  middle  panel  the  response  consequences  plotted  in  absolute  time  show  the 
increasing  spread  around  5  +  =  25,  and  in  the  right  panel  the  two  acceptance  regions 


TIME 


FIGURE  5.  Two  comparison  rules.  The  left  column  shows  subjective  discrepancies  between 
working  memory  and  reference  memory  as  a  function  of  signal  duration  with  two  different 
placements  of  S+.  The  right  two  columns  shows  response  probability.  The  top  row  describes  an 
absolute  discrepancy  rule,  in  which  the  absolute  difference  between  working  and  reference 
memory  values  forms  the  basis  of  the  response  decision.  The  bottom  row  describes  a  relative 
discrepancy  rule  in  which  the  absolute  discrepancy  is  taken  as  a  proportion  of  the  representation 
of  S+ .  (After  Gibbon  and  Church.') 


are  nearly  equivalent  when  plotted  in  relative  time.  They  are  not  precisely  equivalent 
because  the  T0  intercept  in  the  accumulation  of  subjective  time  counts  more  heavily 
when  5+  is  smaller  than  when  it  is  larger.  However,  even  for  T0  relatively  large,  the 
difference  is  not  great.  In  this  example  T0  has  been  chosen  equal  to  5/4. 

Thus,  even  when  there  is  no  variance  in  the  timekeeping  and  mnemonic  system,  a 
relative  response  rule  is  needed  to  accommodate  the  superposition  of  generalization 
gradients  in  relative  time. 

Of  course,  the  real  response  gradients  are  not  square  waves,  and  so  a  no-variance 
account  will  not  suffice  as  a  realistic  description.  In  our  earlier  analysis  we  studied 
several  sources  of  variance  which  would  generate  smooth  shoulders  on  the  gradients. 
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but  we  found  that  in  no  case  was  the  absolute  discrepancy  rule  tenable.  Even  when 
variation  increased  substantially  with  5  +  ,  the  absolute  discrepancy  rule  is  too  efficient 
to  accommodate  a  realistic  description  of  the  data  as  S+  is  increased. 

With  the  relative  discrepancy  rule,  however,  a  number  of  different  sources  of 
variance  were  compatible  with  both  the  superposition  of  the  data  in  relative  time  and 
with  smooth  shoulders  around  S+  (Fig.  1).  The  analysis  showed  that  at  least  four 
distinct  sources  of  variation  in  perceiving,  remembering,  and  discriminating  time 
intervals  were  possible.  Each  of  these  sources  was  scalar,  that  is,  multiplicative  with  the 
memory  for  time.  Each  was  associated  with  different  components  of  the  information¬ 
processing  scheme.  Two  additional  sources  of  variation  in  the  system  are  also  potential 
contributors  to  variability,  but  these  sources  were  shown  to  be  not  feasible  as  a  sole 
source  of  variation,  were  there  but  one. 

One  of  our  current  goals  is  to  deepen  this  analysis  by  allowing  these  latter  two 
sources  of  variation  to  be  imbedded  in  variation  from  multiple  points  in  the  system.  The 
earlier  analysis  is  summarized  with  respect  to  the  relative  discrepancy  rule  only.  The 
way  in  which  the  two  nonscalar  sources  of  variation  violate  the  superposition 
requirement  will  be  described  briefly  first. 


Switch:  Constant 

The  simplest  of  these  two  sources  of  variation  is  the  variability  introduced  b> 
varying  latency  to  open  and  close  the  switch  gating  pulses  into  short-term  memory.  1 1  is 
likely  that  even  in  highly  practiced  subjects  there  is  some  variation  in  the  perceptual 
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FIGURE  6.  Response  probability  gradients  resulting  from  variation  in  the  switch  onl\  [lop)  or 
from  Poisson  variation  in  the  pacemaker  only  (bottom).  At  the  left  gradients  arc  plotted  in  real 
time  and  at  the  right  in  relative  time. 
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FIGURE  7.  Working  memory  ac¬ 
cumulator.  Distributions  of  counts 
associated  with  two  different  5  + 
durations  are  shown  when  the  only 
source  of  variance,  is  the  scalar  fluc¬ 
tuation  in  pacemaker  rate.  (After 
Gibbon  and  Church.') 


response  to  external  stimulation.  A  gating  mechanism  introducing  variance  of  this  sort 
is  similar  to  an  early  proposal  of  Kristofferson  and  his  colleagues  which  argued  that  in 
some  ranges  the  timing  system  might  reflect  only  constant,  low  variance.9'10'"  A 
realistic  form  for  this  latency  difference  distribution  might  be  most  likely  back-to-back 
exponentials  (Laplace  distribution).  A  similar  alternative  is  the  triangular  distribution 
analyzed  by  Kristofferson  as  the  result  of  a  difference  between  two  rectangular 
variates.  If  the  switch  is  complex,  however,  and  requires  the  execution  of  several 
components  in  order  to  open  and  close,  it  might  approach  a  normal  form.  The  niceties 
of  distinctions  between  forms  will  not  concern  us  in  the  present  account,  since  we  w  ill 
rely  on  rather  grosser  distinctions  which  are  relatively  insensitive  to  distribution  form. 
We  assume  a  normal  form  in  what  follows. 

The  top  row  of  Figurf:  6  shows  the  effect  on  response  probability  of  introducing 
variance  in  switch  latency  only.  In  the  upper  left  panel  response  gradients  are  plotted 
against  absolute  time  for  5+  =5  and  S+  =  2 S.  Increasing  S+  results  both  in  greater 
accuracy  at  S  +  ,  and  in  a  broader  spread  around  S  +  .  In  the  panel  in  the  upper  right, 
these  effects  counterbalance  each  other  somewhat  in  relative  time.  There  the  largest 
discrepancy  is  at  5  + ,  while  the  increase  in  the  spread  with  increasing  S  +  is  seen  to  be 
not  sufficient  to  produce  superposition  in  the  wings.  Constant  variance,  which  does  not 
change  with  increasing  size  of  the  interval  being  judged,  results  in  too  efficient  a 
system  at  large  values  of  S+.  Accuracy  is  increased  at  the  target  duration,  and  the 
spread  around  it  does  not  increase  sufficiently  to  accommodate  superposition. 


Pacemaker:  Poisson 

A  second  source  of  variation  in  this  system  is  one  that  has  received  classical 
attention  in  modeling  perceptual  systems,  namely  Poisson  variation  in  the  discharge  of 
the  pacemaker.  From  a  variety  of  considerations,  variance  in  the  intcrpulse  interval  in 
a  neural  pacemaker  ought  to  follow  the  Poisson  law.6-712  14  Interpulse  intervals  are 
exponentially  distributed  in  a  steadily  varying  stream  with  intensity  A  A.  The 
accumulator  in  memory  is  then  a  Poisson  counter,  with  a  variance  that  increases 
directly  with  the  mean. 
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In  the  lower  row  of  Figure  6  response  gradients  for  the  Poisson  pacemaker  source 
are  shown.  The  gradients  in  absolute  time  in  the  lower  left  show  an  increase  in 
accuracy  at  5+  when  S-e  is  doubled.  However,  this  increase  is  not  as  large  as  that  for 
the  constant  variance  case,  and  the  increase  in  spread  at  S =  2 S  is  somewhat 
broader.  Nevertheless,  when  plotted  in  relative  time  on  the  right,  the  gradients  still 
deviate  substantially  from  superposition.  Thus,  this  system,  which  does  increase 
variance  with  increasing  S-e,  does  not  do  so  fast  enough  to  accommodate  superposi¬ 
tion,  particularly  near  S  + . 

These  two  kinds  of  variability  introduced  by  different  stages  of  information 
processing  are  to  be  contrasted  with  two  other  kinds  of  variability,  both  of  which  are 
scalar  and  induce  the  approximate  superposition  seen  in  the  data.  These  are  discussed 
next. 


Pacemaker:  Scalar 

An  alternative  source  of  pacemaker  variance  is  a  drifting  rate.  For  simplicity  we 
imagine  that  the  time  between  pulses,  r.  is  fixed  on  any  trial,  but  that  from  trial  to  trial 
the  pulse  rate,  X  =  1  /'r,  varies  normally  around  a  mean,  \.h 

In  Figure  7  the  result  for  the  accumulated  count  in  memory  is  shown  for  ,SV  S' 
and  5+  -  2S.  The  rising  solid  line  reflects  the  mean  value  of  the  rate.  A.  comparable  to 
the  rising  line  in  the  upper  right  panel  in  Figure  3.  The  dashed  rays  emanating  from  Tv 
indicate  plus  and  minus  1  standard  deviation  of  X.  When  5+  is  doubled,  the 
distribution  of  accumulated  counts  is  nearly  a  scale  transform  of  the  distribution 
associated  with  ,S,  hence  the  name  scalar  timing.  The  solid  function  distribution  for  2.S 
is  generated  by  our  information-processing  system  with  a  fixed  Tn.  The  dashed 
function  which  is  nearly  identical  to  it  is  the  simple  scale  transform  of  the  A' 
distribution  that  would  result  from  strict  proportionality,  an  axis  multiplier  of  2.  The 
small  discrepancy  reflects  the  role  of  T0.  Again.  T{)  was  chosen  rather  large,  equal  to 
S/ 4.  Even  with  an  intercept  of  this  size,  the  multiplicative  property  dominates  the 
result. 

This  kind  of  multiplicative  variance  in  combination  with  the  relative  discrepancy 
rule  results  in  the  response  gradients  shown  in  the  top  row  of  Figure  X.  In  absolute 
time  (on  the  left),  it  is  clear  that  accuracy  when  5+  =  S  and  when  it  equals  2S  remains 
the  same,  but  variance  increases  considerably.  In  the  proportional  plot  in  the  upper 
right  panel,  the  functions  now  show  near  superposition,  like  the  data.  Thus,  if  the  only 
source  of  variance  were  a  drifting  rate  in  the  pacemaker,  the  smooth  shoulders, 
constant  discriminability  at  the  positive  value,  and  rough  superposition  are  accommo¬ 
dated  by  this  scalar  source. 


Memory:  Scalar 

In  our  earlier  analysis  we  also  studied  the  possibility  of  addiuonal  noise  introduced 
when  the  accumulated  counts  from  the  pacemaker  are  stored  in  working  memory,  and 
again  when  these  records  are  transferred  to  relatively  permanent  storage  in  reference 
memory.  If  both  of  these  storage  mechanisms  involve  a  proportional  transform,  then 
they  too  may  introduce  variability  which  has  the  scalar  form  shown  for  pacemaker  rate 

*A  more  realistic  version  might  allow  both  kinds  of  variation  simultaneously  Our  later  analysis 
(appendix)  allows  Poisson  variance  within  trials  at  a  given  intensity,  X,  w  hich  in  turn  is  a  random 
variable  that  drifts  over  trials. 
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variance  in  the  top  row  of  Figure  8.  The  first  of  these  potential  sources,  that  involved 
in  translation  to  a  short-term  storage  in  working  memory,  will  be  ignored  in  what 
follows  here,  since  with  the  ratio  discrimination  rules  that  we  employ,  the  mean  value 
of  the  translation  process  is  cancelled,  and  its  variance  may  be  absorbed  in  the 
pacemaker  variance  term.  Storage  in  reference  memory,  however,  plays  an  important 
role,  and  may  contribute  variance  as  well  as  distortion  between  remembered  and 
current  working  memory  values.  Qualitatively,  however,  these  two  sources  of  variabil¬ 
ity  show  similar  results  for  the  response  gradients  as  long  as  the  reference  memory 
translation  is  unbiassed.  Hence  we  do  not  treat  them  separately  here. 


SCALAR : PACEMAKER  OR  MEMORY 


SCALAR: THRESHOLD 


FIGURE  8.  Response  probability  gradients  for  two  scalar  sources.  The  lop  row  shows  the  results 
of  variation  in  either  the  pacemaker  or  the  memory  constant.  The  bottom  row  shows  the  results  of 
variation  in  the  threshold. 


Threshold:  Scalar 

Still  another  source  of  variance  is  realistic  for  our  processing  system.  This  is 
variance  in  the  relative  proximity  of  T  to  5+  that  subjects  deem  “close  enough."  One- 
can  readily  imagine  momentary  fluctuations  in  this  level.  Multiplying  through  by  the 
norming  value  in  Equation  1 ,  variation  in  b  induces  the  scalar  property  on  remembered 
time.  The  manner  in  which  this  property  is  expressed,  however,  differs  from  that  for 
clock  or  memory  variance. 

In  the  bottom  row  of  Figure  8  response  gradients  arc  plotted  assuming  a  normally 
distributed  threshold  about  some  positive  value  b.  The  gradients  in  the  lower  left  panel 
are  strictly  symmetric,  have  identical  accuracy  for  5+  =  S  and  5+  -  IS.  and  show  a 
prominent  discontinuity  at  the  positive  value  In  the  lower  right  panel  the  relative  time 
gradients  approximately  superpose.  Thus,  this  source  of  variance,  like  the  scalar  source 
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for  clock  or  memory  in  the  upper  row,  induces  superposition  in  relative  time,  as  the 
data  require.  The  manner  in  which  it  is  accomplished,  however,  dif'ers  in  two  ways: 
First  the  upper  gradients  have  a  slight,  positive  skew.  The  lower  gradients  in  contrast 
are  strictly  symmetric.  Second,  the  upper  gradients  are  smooth,  roughly  bell-shaped 
around  S’  + ,  while  the  lower  gradients  are  discontinuous  at  T  =  S  + .  The  discontinuity 
results  from  a  feature  of  our  assumptions  that  is  open  to  question  here,  namely,  a 
normal  form  for  the  threshold  distribution  that  includes  negative  values.  In  practical 
terms  this  assumes  that  on  some  trials  the  threshold  is  so  conservative  that  not  even  a 
comparison  of  identical  values  (no  subjective  discrepancy)  would  warrant  a  response. 
The  defect  may  be  remedied  by  truncating  threshold  distributions  to  be  always 
positive,  but  the  result  is  equally  difficult  for  theory  if  this  is  the  only  source  of 
variation.  This  modification  induces  perfect  accuracy  at  T  =  S+  for  all  S  +  values,  and 
the  data  show  clearly  otherwise. 

These  features  of  the  threshold  variance  account  might  prove  troublesome  for  a 
description  involving  only  this  source  of  variance.  However,  in  combination  with  the 
clock  and  memory  variability  we  will  see  that  the  symmetry  in  threshold  variability  is 
an  important  feature  of  our  account. 


Simultaneous  Sources  of  Variation:  General  Case 

From  the  analysis  thus  far,  we  were  able  to  conclude  that  were  one  forced  to  pick  a 
single  source  of  variation,  it  would  have  to  be  a  scalar  source,  and  probably  would  have 
to  be  located  in  pacemaker  or  memory.  However,  while  the  smooth  character  of  these 
gradients  looks  like  that  of  our  temporal  generalization  gradients,  and  while  our 
temporal  generalization  gradients  have,  as  do  these,  some  slight  skew  with  a  higher 
right  than  left  wing,  the  skew  in  theory  is  generally  larger  than  the  skew  in  reality.  The 
data  fall  somewhere  between  strict  symmetry  around  S  +  ,  and  the  scalar  forms  for 
clock  or  memory  variance  alone. 

This  discrepancy  leads  us  to  analyze  the  mixture  generated  by  allowing  all  of  these 
potential  sources  of  variability  to  operate  at  once.  In  the  Appendix  we  pursue  this 
analysis,  obtaining  an  approximation  for  the  underlying  random  variables  in  working 
and  reference  memory,  and  their  discrimination  via  a  variable  threshold  in  a 
comparator.  The  result  may  be  summarized  as  follows:  Allowing  random  variation  in 
constant,  Poisson,  and  scalar  sources  results,  not  surprisingly,  in  constant,  Poisson,  and 
scalar  components  of  variance  in  the  composite  variables  underlying  the  spread  of  the 
response  probability  gradients.  For  reasonable  choices  of  parameter  values  for  the 
constant  and  Poisson  variance  sources,  however,  the  scalar  sources  dominate  variance 
in  the  seconds  to  minutes  ranges  studied  here.  This  may  be  seen  in  Figure  9.  In  the 
Appendix  the  argument  is  developed  showing  that  under  our  assumptions  the  response 
probability  gradients  reflect  two  random  variables,  one  corresponding  to  each  edge  of 
the  acceptance  region  for  our  comparison  statistics.  The  standard  deviations  of  the 
window  edge  variables  grow  (nearly)  linearly  with  T  and  S+.  In  Figure  9  the 
standard  deviation  of  the  upper  window  edge  is  shown  as  a  function  of  increasing  T 
5+  signal  durations  for  a  variety  of  choices  of  pacemaker  rate,  A  =  5,  10,  15.  and  20 
per  sec.  The  figure  assumes  a  switch  with  a  mean  and  variance  of  70  -  <rn  =  0.5  sec. 
variance  in  the  threshold  of  oh  =  0.1,  and  a  scalar  pacemaker  or  memory  coefficient  of 
variation  of  7  =  0.2.  The  point  of  the  figure  is  that  the  scalar  sources  of  variance 
rapidly  come  to  dominate  the  standard  deviation  of  the  window  edge.  These  functions 
are  approximately  linear  in  5+  for  5+  values  above  about  5  sec  (dashed  line).  Since 
the  ranges  we  study  here  are  usually  well  above  this  level,  we  cannot  say  whether 
significant  contributions  from  a  Poisson  source  and  a  constant  source  might  not  be 
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present,  but  masked.  The  domination  by  the  scalar  sources  in  these  mixtures  may  be 
used  in  the  future  to  specify  more  precisely  the  range  of  parameter  values  for 
pacemaker  rate  and  switch  variance  that  are  possible  and  yet  still  accommodate  our 
data.  It  is  clear  from  the  work  presented  in  this  volume  that  the  temporal  ranges  that 
interface  between  milliseconds  and  hours  will  be  important  in  the  future. 


PEAK 

A  procedure  that  is  very  similar  to  temporal  generalization  in  conception  and  results, 
but  quite  different  in  the  manner  of  assessing  response  strength,  is  the  “peak" 
procedure  developed  by  Seth  Roberts15  and  studied  by  him  and  Church  and  Meek.'*’  It 
is  a  modified  discrete-trial  free-operant  fixed-interval  schedule.  At  the  onset  of  a 
signal,  usually  a  light  or  a  noise,  rats  may  respond  on  a  lever,  which  occasionally  will 
“pay  off"  for  the  next  response  after  S'-)-  sec  have  elapsed  from  the  beginning  of  the 


+ 


FIGURE  9.  Standard  deviation  of  a  window-edge  decision  statistic  as  a  function  of  the  size  of 
S  + .  The  parameter  is  pacemaker  rate. 


signal.  On  some  trials,  however,  responding  is  not  reinforced  and  the  signal  remains  on 
fora  long  time.  Subjects  come  to  anticipate  completion  of  the  S+  interval.  On  trials  in 
which  reinforcement  is  not  programmed,  they  show  maximum  responding  close  to  that 
time.  Typical  results  are  shown  in  Figure  10.  The  top  row  shows  responding  of  two 
pigeons  studied  under  the  peak  procedure  using  a  color  change  on  a  response  key  as  the 
S  +  duration  signal.  On  half  of  the  trials  the  first  response  after  1 5  sec  was  reinforced 
Response  rate  increases  up  to  a  maximum  near  1 5  sec  and  decreases  thereafter. 

In  the  second  row,  data  from  a  rat  studied  by  Roberts  is  shown  for  two  different 
conditions.  In  the  first  condition  on  50%  of  the  trials  the  rat  was  reinforced  for 
responding  after  20  sec  had  elapsed  since  the  onset  of  an  auditory  signal.  The  leftmost 
function  shows  the  performance.  Response  rate  peaks  a  little  beyond  20  sec  and 
declines  at  longer  times.  The  broader  function  on  the  right  was  obtained  from  the  same 
rat  under  a  later  condition  with  5+  -  40  sec.  These  data  are  quite  similar  to  the 
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TIME 

FIGURE  10.  Response  rate  gradients  from  two  pigeons  ( top  row)  and  one  rat  ( bottom  row) 
studied  under  the  peak  procedure. 


temporal  generalization  data  in  two  respects:  Accuracy  at  the  peak  time  is  about  the 
same  in  both  functions,  and  the  spread  around  the  larger  5+  is  approximately 
proportionally  increased.  Indeed,  the  peak  procedure  might  be  thought  of  as  a 
generalization  procedure  which  delivers  all  possible  durations  on  every  unreinforced 
trial. 


Memory  Distortion 

All  of  the  above  cases  show  some  slight  displacement  of  the  peak  time  from  the 
nominal  S+  value.  This  is  not  unusual  with  the  peak  procedure.  The  peak  for  bird  No. 
3106  is  about  1 3  or  14  sec  and  the  peak  for  rat  No.  2  studied  under  S  +  =  20  sec  occurs 
near  24  sec. 

In  Figure  1 1  in  the  left  hand  column  the  effect  of  deviation  from  5  ^  is  show  n  for 
the  data  of  rat  2.  The  top  functions  show  the  peak  rate  as  a  function  of  absolute  time  as 
in  Figure  10.  In  the  middle  panel,  these  functions  are  shown  plotted  in  relative  time. 
T/S  + ,  as  in  Figure  1  for  temporal  generalization.  Now  superposition  is  not  achieved 
The  S  +  =20  sec  curve  shows  a  broader  right  wing  in  relative  time. 

In  the  model,  the  information-processing  account  allows  for  distortion  of  the  mean 
in  the  translation  constant  between  working  and  reference  memory.1  Working 
memory  is  assumed  to  reflect  pacemaker  accumulation  directly,  while  the  storage  into 
reference  memory  may  introduce  both  additional  variance  of  its  own,  and  systematic 
distortion  in  the  mean  (upwards  or  downwards).  The  translation  constant,  A*,  required 
for  these  data  is  somewhat  above  1 .0,  hence  the  failure  of  superposition. 

In  the  lower  left  panel,  a  fit  to  the  peak  data  has  been  accomplished  and  the  data 
are  now  plotted  relative  to  K*S  +  ,  that  is,  relative  to  the  mean  of  the  memory 
distribution  for  the  reinforced  time.  When  adjusted  in  this  manner,  superposition 
succeeds. 

A  more  extreme  example  of  memory  distortion  which  nevertheless  preserves 
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superposition  in  the  appropriate  metric  is  obtained  from  an  experiment  studying  two 
peak  procedures  in  rats  simultaneously.  A  peak  procedure  value  of  10  sec  in  the 
presence  of  a  light  and  30  sec  in  the  presence  of  a  noise  were  studied  on  randomly 
intermixed  trials.  Median  performance  of  a  group  of  ten  rats  is  shown  in  the  right  hand 
column  of  Figure  1 1.  In  the  upper  right  panel  the  two  peak  functions  plotted  in  real 
time  are  seen  to  be  centered  close  to  10  sec  and  30  sec,  as  would  be  expected  from  the 
preceding  data.  The  functions  differ  somewhat  from  those  of  the  individual  subjects  in 
Figure  10.  Both  functions  are  fairly  flat  near  the  peak,  leaving  some  ambiguity  as  to 
just  which  time  value  corresponds  to  the  “true  maximum.”  However,  even  with  this 
flatness  it  is  clear  that  the  10-sec  data  lie  mostly  above  10  sec,  while  the  30-sec  data  lie 


LJ 


FIGURE  II.  Response  rate  gradients  for  rat  2  in  the  left  column,  and  for  a  group  of  rats  studied 
under  twodifTerent  5+  values  on  the  right.  Gradients  in  the  top  row  arc  plotted  in  real  time,  in  the 
middle  row  in  time  relative  to  Si  time,  and  in  the  bottom  row  in  time  relative  to  the  empirically 
determined  memory  representation  of  S  + . 
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mostly  below  30  sec.  It  is  as  though  the  subjective  representations  of  the  10-sec  and 
30-sec  S  +  experiences  have  become  mixed  or  perhaps  mutually  attracted  in  memory. 

In  the  middle  panel  of  Figure  1 1  these  data  are  plotted  in  relative  time,  and  the 
systematic  distortion  is  again  evident.  The  10-sec  curve  appears  broader  than  the 
30-sec  curve  in  relative  time,  because  its  “true”  S+  time  is  larger  than  10  sec  and  the 
“true"  30-sec  S  +  time  is  less  than  30  sec.  This  is  similar  to  the  deviation  on  the  left,  but 
more  extreme.  In  the  bottom  panel,  the  results  of  fitting  these  data,  allowing  for 
memory  distortion,  show  clear  superposition  when  plotted  in  time  relative  to  the 
memory  time  ( T /K*S  + ). 

Thus,  the  peak  procedure  provides  temporal  gradients  with  a  maximum  near  the 
time  of  reinforcement,  but  deviations  appear  both  idiosyncratically  and  because  of 
potential  interactions  in  reference  memory  when  more  than  one  time  value  must  be 
retained.  The  results  of  this  analysis  imply  that  this  sort  of  distortion  is  a  multiplicative 
one.  The  scalar  property  applies  to  the  memory  for  time,  not  necessarily  to  real  time. 


TIME  LEFT 

Our  final  application  of  these  ideas  is  to  a  procedure  that  differs  considerably  from  the 
temporal  generalization  or  peak  procedures.  In  a  previous  report.  Gibbon  and  Church'8 
studied  choice  procedures  with  rats  and  pigeons;  these  procedures  were  designed  to 
reveal  preference  for  the  subjectively  shorter  of  two  delays  to  food,  when  one  of  these 
delays  was  elapsing.  The  aim  of  that  work  was  to  examine  these  choices  parametrically 
at  a  variety  of  delays,  since  parametric  data  should  reveal  curvature  or  linearity  in 
subjective  time.  The  linearity  result  will  not  be  reviewed  here  for  that  implication,  but 
rather  some  new  data  from  the  same  procedure  under  several  conditions  will  be 
examined  for  the  superposition  properly. 

The  procedure  studied  with  pigeons  is  shown  in  Figure  1 2.  At  the  beginning  of  the 
trial  (initial  link),  two  keys  are  lit  with  different  colors,  say  white  and  red.  and  birds 
distribute  responding  across  the  two  keys  as  time  elapses  during  the  trial.  At  some 
point  (T),  the  next  response  produces  mutually  exclusive  (terminal  link)  consequences 
on  either  key.  If  the  next  response  is  the  white  key,  the  red  key  is  extinguished,  and 
responding  on  the  white  key  may  continue  for  the  remainder  of  the  white-key  interval. 


FIGURE  12.  “Time  Icfl"  procedure.  Two  keys 
are  lit  with  different  colors  (white  or  red)  at 
the  beginning  of  the  trial.  At  some  randomly 
chosen  point,  T,  the  next  response  results  in 
one  or  the  other  of  two  mutually  exclusive 
delays  to  reinforcement  (bull's-eyes) 
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FIGURE  13.  Psychometric  preference  function.  Preference,  the  proportion  of  “C"  choices  at 
successive  points  during  the  choice  period,  increases  from  favoring  “5"'  at  the  start  of  the  trial  to 
favoring  “C”  as  the  trial  elapses.  The  point  of  indifference  is  indicated  by  the  dashed  line  over 

Tm. 


in  this  example  60  sec,  when  reinforcement  is  made  available.  Thus,  on  the  white  key, 
reinforcement  is  available  after  a  total  of  60  sec  from  the  beginning  of  the  trial. 

If,  at  the  choice  point,  the  next  response  is  to  the  red  key,  the  white  key  is 
extinguished,  the  red  key  changes  color  to  green,  and  responding  will  be  reinforced  for 
pecking  the  green  key  after  30  sec  have  elapsed  since  the  color  change.  Thus,  this  delay, 
called  the  standard  (5),  is  fixed  at  30  sec.  The  entry  times  (T)  vary  from  trial  to  trial. 

Early  in  the  trial,  it  behooves  subjects  to  respond  to  the  red  key  since  the  delay  to 
food  there  is  shorter  than  on  the  comparison  60-sec  interval.  However,  as  the  choice 
period  elapses,  the  time  left  on  the  comparison  (C  =  60  sec)  side  becomes  shorter  than 
the  30-sec  standard,  and  now  it  behooves  subjects  to  respond  on  the  white  key.  The 
typical  result  is  shown  in  Figure  13,  in  which  choice  responding  begins  heavily 
favoring  the  standard,  and  at  some  point  in  the  trial  switches  over  to  favor  the 
comparison  time-left  side  as  that  delay  becomes  more  favorable.  The  point  at  which  the 
switch  is  made,  7j/2,  is  a  datum  of  primary  interest.  If  subjective  time  is  linear  and 
subjects  are  unbiassed  in  their  appreciation  of  this  time,  then  they  should  sw  itch  over  to 
preferring  the  time-left  side  of  the  choice  at  precisely  C  -  S  sec  into  a  C- sec 
comparison  interval — at  30  sec  into  the  60  sec  interval  in  the  above  example.  In  fact,  it 
is  common  for  subjects  to  switch  somewhat  before  the  midpoint  value  for  C  =  25.  and 
the  bias  in  favor  of  the  elapsing  interval  may  be  due  to  a  preference  for  a  key  color 
paired  with  primary  reinforcement.  In  the  analysis  that  follows,  the  crossover  point, 
TX/i,  plays  a  fundamental  role. 

The  information-processing  account  for  this  procedure  has  three  distinct  condi¬ 
tions:  the  choice  period,  and  each  of  the  mutually  exclusive  terminal  link  consequences. 
The  scheme  we  use  to  model  choice  responding  is  shown  in  Figure  14.  When  the  choice 
period  begins,  the  switch  gates  pacemaker  pulses  into  a  working  memory  accumulator 
for  trial  time,  T.  The  difference  between  the  memory  for  current  time  and  the  memory 
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for  the  comparison  (C)  interval  represents  the  subjective  time  left  on  the  comparison 
side.  This  remaining  time  is  compared  in  the  comparator  with  memory  for  the  time 
“left"  on  the  standard  side — the  standard  delay  to  food  were  the  terminal  link  to  come 
on  immediately. 

As  time  accumulates  during  the  trial  in  working  memory,  the  remaining  time  on 
the  comparison  side  is  continually  updated,  and  compared  with  memory  for  the 
standard  delay.  At  the  outset  of  the  trial,  the  standard  delay  appears  shorter  than  the 
remaining  time  on  the  comparison  delay  and  hence  preference  for  the  comparison 
interval  is  low.  At  some  point  subjects  cross  over  and  prefer  the  remaining  time  on  the 
comparison  side,  when  their  subjective  assessment  of  this  delay  makes  it  appear  more 
favorable,  by  a  potentially  biased  threshold.  Note  that  this  threshold,  />',  is  distinct 
from  the  proportional  threshold  defining  a  response  window  in  the  temporal  gcneral- 


i 


TIME 


T 


FIGURE  14.  Information-processing  model  for  choice  in  the  “time  left"  task.  During  the  choice 
period  the  switch  gates  pacemaker  pulses  to  working  memory  for  elapsed  trial  time.  T.  A 
comparison  is  made  between  the  discrepancy  between  C  and  the  current  time — time  left  to  food 
on  the  comparison  side — and  the  standard  delay  to  food,  S.  Preference  is  for  the  shorter  of  these 
two  delays. 


ization  case.  Here  b'  indicates  a  bias  in  favor  of  the  time-left  or  standard  side,  with  an 
unbiased  mean  value  represented  by  B  =  1.0.  We  expect,  however,  that  variance 
associated  with  the  decision  rule  for  both  cases  may  be  quite  comparable. 

The  two  terminal  link  conditions  establish  the  memory  values  for  the  comparison 
and  standard  delays.  In  Figure  15,  processing  of  the  time-left  terminal  link  is  shown. 
The  switch  continues  to  gate  pulses  into  the  working  memory  for  T ,  until  reinforcement 
occurs  when  T  =  Cat  the  end  of  the  trial.  During  this  terminal  link  subjects  are  in  a 
go/no-go  situation  precisely  comparable  to  the  left  wing  of  a  peak  procedure  (a  fixed 
interval  schedule).  Hence  their  decision  to  respond  or  not  to  the  white  key  is  assumed  to 
be  based  upon  the  time  left  to  reinforcement  normalized  by  the  overall  time  to 
reinforcement,  as  shown  in  the  decision  rule  in  the  lower  right.  After  reinforcement, 
the  reinforced  value  from  working  memory  (mc)  is  stored  in  reference  memory 
for  the  comparison  interval. 
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FIGURE  15.  Information-processing  model  for  the  time-left  terminal  link.  The  switch  continues 
to  gate  pulses  to  the  trial-time  accumulator,  and  the  comparison  is  a  go/no-go  decision,  as  in  the 
peak  procedure. 


When  on  other  trials  the  choice  at  the  entry  point  is  in  favor  of  the  standard,  the 
standard  terminal  link  is  entered.  Figure  16  shows  the  switch  gating  pulses  into  a  new 
working  memory  accumulator  (m,)  as  subjects  begin  timing  the  standard  interval. 
Go/no-go  responding  is  again  assumed  to  be  comparable  to  the  left  wing  of  a  peak 
procedure,  and  the  decision  rule  reflects  the  relative  proximity  to  food.  After 
reinforcement,  the  value  in  the  working  memory  store  ( ms )  is  transferred  to  a  reference 
memory  for  the  standard  interval  (mf).  In  this  way  the  memories  for  C  and  S  are  built 
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FIGURE  16.  Information-processing  model  for  the  standard  terminal  link  delay.  During  this 
delay  the  switch  gates  pulses  into  an  accumulator  for  the  standard  delay  in  working  memory,  and 
the  comparison  is  again  a  go/no-go  decision,  as  in  a  peak  procedure. 
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up  over  training  and  then  become  available  for  sampling  during  the  choice  period  of 
later  trials.  In  principle  it  should  be  possible  to  predict  on  individual  trials  the  details  of 
responding  in  the  terminal  links  from  features  of  responding  in  the  choice  link.  We  will 
pursue  this  line  in  later  work.  However,  in  what  follows,  we  concentrate  on  analyst  of 
preference,  pooled  over  the  choice  period. 

The  time,  Tin,  at  which  subjects  cross  over  during  a  sufficiently  lengthy  choice 
period  from  preferring  S  to  preferring  time-left  is  revealing.  The  decision  rule  implies 
that  at  this  point  the  delays  are  subjectively  equal.  On  average, 

M*  ~  MTm  =  PMl  (2) 

Translating  these  mean  values  according  to  Equation  1  gives  us 

7’1/2  =  (|-B')a:*5+  Tofl  D].  (3) 

Indifference  points  should  be  linear  in  S ,  for  constant  ratios  of  C  to  S,  as  described 
previously.15  Note  that  for  T0  =  0  and  no  bias  (B1  =  1 )  or  memory  distortion  (K*  «  I ), 
r,/2  *»  C  -  S,  when  the  actual  time  left,  C  -  T]/2 ,  equals  S.  Deviations  from  physical 
equivalence  may  be  introduced  by  bias  and  memory  distortion.  Th2  may  be  thought  of 
as  a  set-point  at  which  these  factors  have  been  subjectively  equalized. 

The  performance  of  three  subjects  studied  under  three  combinations  of  5  =  C/2 
(7.5,  15;  15,  30;  30,  60)  are  shown  in  the  three  panels  in  Figure  17.  The  5  value  is 


FIGURE  17.  Psychometric  preference 
functions  for  time  left  for  three  subjects 
at  three  different  pairs  of  S  --  C/2 
values.  The  functions  are  plotted 
against  real  time  in  the  trial.  The  .V 
parameter  values  are  indicated  in  the 
top  panel. 
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FIGURE  18.  Preference  functions  for  these  three 
subjects  replotted  from  Figure  1 7  as  a  function  of 
time  relative  to  the  indifference  point,  T l/2.  The 
symbol  code  is  the  same  as  in  Figure  1 7. 


indicated  above  each  curve  in  the  top  pane!.  These  preference  functions,  like  those 
published  earlier,15  show  a  shallower  rise  as  5  =  C/2  is  increased,  and  7j  :  values  are 
approximately  linear  in  S ,  as  expected  (Equation  3). 

Our  interest  centers  on  a  superposition  property  of  the  account,  which  is  developed 
in  the  appendix.  There  it  is  shown  that  if  these  curves  are  normalized  by  their  T,  ; 
values,  the  effects  of  changing  bias  (B1  ^  1)  and  memory  encoding  (K*  ¥=  1)  arc 
cancelled  in  much  the  same  way  as  the  effects  of  changing  A.'*  may  be  cancelled  in  the 
peak  procedure  through  normalizing  by  +  .  Here  normalization  b>  7j  :  entails 
superposition  as  long  as  the  scalar  variance  sources  dominate.  This  will  be  true  if  the 
time  ranges  are  large  relative  to  T()  and  the  Poisson  rate  parameter  is  greater  than 
about  10  per  sec.  Plotting  the  preference  functions  at  T/Tt  .2  results  in  the  superposi¬ 
tion  of  these  functions  shown  in  Figure;  18.  Thus,  again  a  Weber's  law  property  is 
revealed,  but  with  the  important  proviso  that  it  operate  on  subjective,  not  objective 
time.  Distortions  in  memory  and  innate  preferences  operate  to  rescale  objective  time. 
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APPENDIX 

Temporal  Generalization  and  Peak 


Wc  require  the  total  probability  of  the  event  in  Equation  I .  the  decision  rule,  w  hen 
all  stages  in  the  information-processing  scheme  may  contribute  variability  That  is.  we 
require  the  total  probability  of 
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where  m*,,  Wr,  and  b  are  each  independent  random  variables  sampled  from  reference 
memory,  working  memory,  and  from  a  threshold  distribution  on  each  trial.  We  develop 
this  calculation  by  obtaining  the  mean  and  variance  of  the  memory  random  variables, 
when  these  receive  variance  contributions  from  each  of  the  postulated  sources  of 
variance  in  Figures  2  through  4.  Then  the  analysis  follows  that  of  Church  and 
Gibbon.3  At  several  points  in  the  development  normal  approximations  for  distribution 
forms  that  are  demonstrably  slightly  skewed  will  be  used.  We  have  in  each  case  run 
computer  simulations  to  satisfy  ourselves  that  the  approximations  are  reasonable  Our 
strategy  is  to  add  successive  sources  of  variance  moving  through  the  information¬ 
processing  chain  from  the  pacemaker  to  the  comparator. 

The  pacemaker  generates  pulses  with  Poisson  variability  at  an  intensity,  X.  Imagine 
first  that  the  effective  switch  closure  time,  dT,  is  fixed  at  the  mean  value,  Dr.c 

The  number  of  counts  accumulated  in  working  memory  associated  w  ith  this  sw  itch 
closure  time  is  then  a  Poisson-distributed  variate  with  a  mean  and  variance 

E(m)  =  Var(m)  =  \D. 

We  now  allow  the  intensity  parameter  to  vary.  The  moment  generating  function  for  the 
Poisson  variate  with  fixed  intensity  is 

Mmtf)  =  exp[\0(e#  -  1)1,  (A2> 

where  we  have  replaced  the  subscript  7  by  X  to  indicate  dependence  on  X  at  any  fixed  T. 
If  we  now  let  X  vary  around  a  mean  A  with  standard  deviation  -yA.  the  moment 
generating  function  of  the  mixture  then  becomes 

MJO)  -  I  A3 1 

Assuming  normality  of /,  we  may  complete  the  square  under  the  integral  and  factor  so 
that  X  is  integrated  out  of  (A3).  With  some  rearrangement  the  moment  generating 
function  may  be  show  n  to  be 

MJO)  =  exp  (A/V  -  1)  +  1/2  (yAD)V  -  I )']  <A4i 

Taking  first  and  second  derivatives  and  setting  0  =  0  gives  the  first  and  second 
moments  as 


Mi  =  E(m)  =  AD, 

M:  =  AD  +  (A/))2(l  +  7’),  <A5a) 

so  that  the  variance  of  counts  in  working  memory  under  both  Poisson  and  scalar 
sources  of  variation  is  given  by 

Var(w)  =  m'i  -  n?  -  AD  +  (yAD)\  (A Shi 

The  distribution  form  corresponding  to  the  moment-generating  function  for  the 
mixture  (A4)  is  not  normal,  but  approaches  normality  rapidly  as  T grows.  In  the  ranges 
we  will  discuss,  the  forms  arc  reasonably  well  approximated  by  normal  distributions 
with  mean  and  variance  given  by  Equations  A5a  and  5b. 

‘Subscripting  will  be  dropped  henceforth  where  the  parameter  dependence  is  obvious,  and 
picked  up  again  where  needed.  In  the  present  case  we  assume  the  stimulus  is  on  for  an  arbitrary 
but  fixed  period  of  time,  T  sec,  and  thus  dependence  on  T  will  be  suppressed. 
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We  now  wish  to  allow  variability  in  the  latency  to  open  and  close  the  switch.  That 
is,  we  wish  to  obtain  the  mean  and  variance  of  the  mixture  that  results  from  allowing  d 
to  vary  normally  about  a  mean,  D  =  T  -  T0  with  standard  deviation  a„.  The  conditional 
rules  for  mean  and  variance  of  x  conditioned  on  yd  may  be  written 

E(  x)  =  £[£(*,)],  (A6al 

Var(x)  =  £(Var(x>.)]  +  Var[£(jc,.)].  (A6b) 

For  the  present  case,  allowing  switch  variance  results  in  a  mean  and  variance  for 
working  memory  given  by 

E(m)  =  M  =  A  D,  (A7a) 


where 


Var(m)  =  a2„  =  a(A<x0)2  +  A D  +  (a  -  1)(AD)2. 


a  =  1  +7*. 


Working  memory  may  be  construed  as  involving  a  proportional  translation  for 
short-term  storage  of  the  count  in  the  accumulator.  Such  a  translation  might  add 
another  source  of  variance.  This  source  was  considered  in  our  earlier  piece1  and  is  not 
discriminable  in  form  from  variance  induced  by  pacemaker  rate  variability,  and  hence 
we  do  not  analyze  it  separately  here. 

Translation  to  reference  memory  occurs  only  on  a  subset  of  the  trials,  but  after  long 
training  we  assume  the  reference  memory  has  built  up  a  distribution  of  remembered, 
reinforced  working  memory  values  via  the  proportional  translation  indicated  in  FlGl  RF 
4.  The  conditional  rule  (A6a)  gives,  for  m*.  =  k*ms>, 

E(m*)  =  £[£(m?.)]  ^  M*,  =  K*\DS..  (A8a) 

And  a  lengthy  but  straightfoward  application  of  (A6b)  gives,  for  o*.  =  7  *K *, 

Var  (m*)  =  £[Var(m*.)]  +  Var[f(m*.)], 


where 


<t^.  =  A*2[aa*(.W0)2  +  a*  \DS .  +  (aa*  -  l)(AAv.):|. 


a*  =  1  +  7*\ 


We  arc  now  in  a  position  to  analyze  the  decision  rule,  assuming  independent, 
normally  distributed  memory  variates.'' 

If  we  assume  that  the  three  variables  in  (All  are  independent  and  (essentially) 
^Feller,  W.  1966.  An  Introduction  to  Probability  Theory  and  Its  Applications.  Vol  I  164 
Wiley.  New  York.  NY. 

’’The  assumption  of  normality  in  the  (product)  memory  variates  violates  somewhat  the  troe 
character  of  these  distributions,  which  have  some  positive  skew.  Again,  however,  in  the  ranee  <>! 
seconds  to  minutes,  this  skew  is  not  substantial  and  normal  approximations  are  reasonable 
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positive,  the  decision  rule  may  be  written 


1 


<  1  4-  b. 


(A9) 


The  correlated  upper  and  lower  limits  (window  edges)  do  not  pose  special  difficulties 
here  and  may  be  treated  as  independent  variables  (compare  the  Appendix  in  Church 
and  Gibbon5). 

Defining  w,  -  1  +  (-  \  )'b  with  mean  and  variance, 

E( w,)  m  W, 1  +  (-l)'fl, 

Var(w,)  =  a\,  /=  1,2, 

Equation  A9  becomes 

m*w,  <  m  <  m*w2.  (A10) 

Letting  x,  -  m  -  m*wh 

E(x,)  =  M  ~  M*,  Wr  (Alla) 

Repeated  application  of  Equation  A6b  shows 

VarU,)  =  <rl+  «£.(*»  +  W])  +  M*s\  d  (Allb) 

where  d  and  d’  are  given  by  Equations  A7b  and  A8b.  Assuming  the  x,  are  normal,  we 
have 

P(R\T)  =4,(2,)  _  *(Z,),  (A12) 

where 


,  -E(Xi) 

VVarU,)  ’ 


/  =  1,2, 


and  <l>  is  the  unit  normal  distribution  function.  It  is  convenient  to  divide  numerator  and 
denominator  of  the  Z,  by  A/*,,  giving 


( A 1 3  > 


Some  algebraic  rearrangement  in  Equations  A7  and  A8  gives 


and 


f  A 1 4 1 


( A 15* 
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where  a *  and  a  are  as  defined  in  Equations  A7  and  A8.  The  denominator  of  Equation 
A13  with  /  =  2  was  used  for  the  window-edge  standard  deviation  in  Figure  9.  The  form 
(AI2),  with  definitions  (AI3),  (A14),  and  (AI5),  was  used  to  plot  the  generalization 
gradients  in  the  text.  The  peak  procedure  gradients  require  the  additional  scale  factor 
/?ma„  translating  response  probability  into  response  rate, 

Kt  =  RmaxP{R\T).  (A  16. 


Time-Left  Procedure 

The  time-left  procedure  is  analyzed  in  a  similar  fashion,  but  with  two  memory 
variates,  w*and  m*,  corresponding  to  reinforced  exposure  to  the  S  and  C  delays.  The 
memories  are  built  up  in  the  same  way  as  in  temporal  generalization  and  (A8)and  ( A 1 5 1 
hold  for  5+  =  S,  C. 

The  decision  rule  for  choice  for  time-left  may  be  written: 


Defining 


where 


m*  -  mT  <  b'm*. 


x  =  m*  -  mT  -  b'm*, 
P(R  j  T)  =  4>(Z), 


-E(x) 

Var(x) 


E(x)  =  M*  -  Mf  -  B'M l 
Var(x)  =  o~m‘  +  o~„r  +  o"m's  (oy  +  B a)  +  M*~oy. 


(A  1 9a) 


(A  19b) 
(A  19c) 


Again,  it  is  convenient  to  divide  numerator  and  denominator  of  (A  19a)  by  A/*, 
giving 

Dr  DT 

b:  -  —  +  —-1- 

Ds  K*Ds 


where  (am./M*)2  is  defined  by  (A  I  5)  and 

(«;)’  -  (7$  \a’a °l  +  f +  (°’“  - l|o;]  |A2" 

This  form  (A  18,  A20,  and  A21)  was  used  in  fitting  the  psychometric  functions  in 
figures  in  the  text. 

To  see  why  near  superposition  is  achieved  when  P("C ”')  is  normalized  b>  7  ..  we 
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consider  only  large  S',  C,  with  S/C  constant,  so  that  T0  may  be  neglected.  From  (A 1 7) 
Ti/2  is  given  by 


The  numerator  of  (A20)  becomes: 

(|-  ^)(r/r1/2  -  i), 

which  is  constant  at  T/Tip_. 

The  denominator  terms  may  be  analyzed  separately.  As  S,  C  becomes  large,  the 
constant  and  Poisson  components  of  variance  become  negligible  and,  from  (A2I) 


From  (A15) 


and  from  (A14), 


Thus,  the  variance  term  approaches  constancy  for  constant  T/Txp  also,  resulting  in 
superposition  in  (A18). 
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Time  Perception:  Discussion  Paper 


R.  DUNCAN  LUCE 

Department  of  Psychology  and  Social  Relations 
Harvard  University 
Cambridge,  Massachusetts  02138 


Study  of  the  papers  in  this  session  reveals  at  least  three  major  topics,  each  of  which 
arises  in  three  or  more  of  the  papers.  They  are:  the  quality  of  timing  performance,  clock 
models  aimed  at  accounting  for  the  variability  in  the  behavior,  and  discovery  of  the 
scale  for  the  subjective  perception  of  time.  I  organize  my  remarks  accordingly. 


QUALITY  OF  TIMING  PERFORMANCE 

Perhaps  the  most  obvious  contrast  in  quality  of  timing  is  that  between  human  and 
animal  performance.  In  both  cases  considerable  evidence  is  provided  that  mean  times 
are  quite  accurate  and  that,  to  a  first  approximation  anyhow,  all  distributions  of 
normalized  responses  are  the  same.  However,  substantial  differences  exist  between  the 
animal  and  human  data  in  the  magnitude  of  the  relative  variability:  the  Weber  fraction 
for  the  human  data  runs  at  about  5%  and  for  the  animals  nearer  to  50%.'  3  However,  in 
at  least  two  respects  these  two  classes  of  data  are  not  comparable.  First,  the  ranges  over 
which  they  have  been  studied  do  not  overlap,  being  between  tens  of  milliseconds  and  a 
few  seconds  for  the  humans  and  from  seconds  to  tens  of  seconds  for  the  animals. 
Second,  the  pressure  in  the  human  experiments  has  been  for  precision  of  performance 
and  it  is  far  from  clear  that  the  animal  studies  have  been  designed  with  that  in  mind. 
The  consquences  for  an  animal  who  does  not  exhibit  exact  timing  are  really  not  very 
severe,  being  nothing  worse  than  some  unrewarded  responding.  Perhaps  it  would  be 
useful  for  someone  doing  animal  studies  to  attempt  to  establish  the  limits  of  their 
performance,  which  we  have  no  reason  to  expect  to  be  worse  by  an  order  of  magnitude 
than  that  of  people.  And  in  the  other  camp,  perhaps  it  would  be  useful  to  determine 
whether  the  5%  figure  continues  to  hold  into  the  region  of  tens  of  seconds.  I  do  not 
underestimate  the  difficulties  and  effort  required  in  each  case,  but  both  questions  seem 
important. 

All  of  us  have  been  astonished  by  the  precision  of  timing  that  Kristofferson  and  his 
associates  have  managed  to  achieve,  and  until  he  demonstrated  it  1 5  years  ago  few  of 
us  would  have  anticipated  that  the  variability  in  timing  would  remain  constant  or 
nearly  so  over  any  substantial  region.  What  is  new  in  the  present  data,  and  even  more 
surprising,  is  the  series  of  plateaus  in  estimates  of  the  period  of  the  clock  (see  below), 
which  are  spaced  by  factors  of  two  over  intervals  that  increase  by  factors  of  two.  This,  it 
seems  to  me,  has  important  implications  for  modeling,  to  which  I  now  turn. 


CLOCK  MODELS 

A  number  of  our  authors  envisage  timing  behavior  as  based  upon  a  clock  of  some  sort. 
Three  of  the  papers1,2,4  postulate  a  real-time  digital  device  with  timing  arising  from  a 
count  of  the  number  of  events.  Hopkins  and  Kristofferson  admit  no  variability  in  the 
clock  itself,  whereas  Gibbon  et  al.  explore  various  possibilities,  rejecting  as  a  primary 
source  of  the  observed  variability  Poisson  noise  in  the  clock  and  favoring  some  form  of 
scalar  variability  either  in  the  clock  or  in  the  memory.  (1  should  make  clear  that  their 
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finding  that  Poisson  variability  plays  little  role  in  timing  in  no  way  bears  on  the 
physiologically  well  justified  Poisson  representation  of  sensory  intensity.)  Assuming 
the  period  of  the  clock  to  be  q,  everyone  agrees  that  the  arrival  of  a  signal  will  be 
random  relative  to  the  pulse  train  defining  the  clock,  which  introduces  a  uniformly 
distributed  random  variable  over  the  interval  (0,<?).  Wing  and  Kristofferson5  suggested 
that  this  is  just  one  of  three  sources  of  variability  leading  to  the  observed  variability, 
the  other  two  being  another,  but  independent,  uniformly  distributed  one  also  on  (0 ,q), 
and  the  third  an  independent,  normally  distributed  one  associated  with  the  response 
process.  Hopkins  has  shown  us  that  this  model  gives  an  almost  perfect  fit  to  his  data; 
however,  one  would  also  like  to  see  how  well  the  data  can  be  fit  by  other  highly  peaked 
distributions,  such  as  the  Laplace,  instead  of  the  triangular. 

The  major  problem  of  that  model,  it  seems  to  me,  is  this:  Where  does  the  second 
uniform  distribution  over  (0,q)  come  from?  Hopkins  attempted  an  argument  along  the 
following  lines;  After  the  count  is  achieved,  the  system  exits  the  clock  and  initiates  a 
response  mechanism  which  is  delayed  in  starting  in  much  the  same  way  the  clock  is, 
presumably  because  it  cycles  in  a  clock-like  fashion.  To  fit  the  data,  the  two  rates  must 
be  nearly  the  same,  but  to  achieve  approximate  independence  he  assumed  slightly 
different  rates.  This  argument  does  not  seem  very  persuasive  to  me,  and  I  fear  that  it 
may  run  into  difficulties  with  Kristofferson’s  findings  about  the  plateaus. 

Consider  how  the  plateaus  of  variance  may  come  about.  One  possibility  is  that  the 
counter  applied  to  the  pulses  of  the  clock  has  a  maximum  count,  and  when  a  time  is 
wanted  that  exceeds  the  capacity  of  the  counter,  the  system  in  essence  counts  every 
other  pulse.  This  could  be  achieved  by  cells  that  are  activated  whenever  two  pulses 
occur  within  q  time  units  but  are  refractory  for  considerably  less  than  q  time  units, 
where  we  recall  q  is  estimated  to  be  about  12  msec.  Such  a  model  produces  one 
uniformly  distributed  random  variable  on  the  interval  (0,2 q),  but  I  really  don't  see 
where  the  second  one  is  to  come  from  since  there  is  no  reason  for  the  quantal  character 
of  the  response  process  also  to  change  scale.  Because  the  second  random  variable  seems 
to  arise  from  exiting  the  clock  and  initiating  the  response  process,  its  distribution 
should  be  controlled  by  the  statistics  of  the  response  mechanism,  not  that  of  the  timer. 
Once  that  dilemma  is  solved,  then  estimating  even  longer  intervals  simply  involves 
repeated  applications  of  the  same  type  of  cell  that  responds  to  every  other  pulse,  but 
with  even  broader  periods  of  integration.  Such  a  mechanism  generates  the  factors  of 
two  which  Kristofferson  has  found.  One  cannot  but  wonder  how  many  of  these  filtering 
cells  can  be  arranged  in  series;  presumably  that  can  be  estimated  by  extending 
Kristofferson’s  methods  to  appreciably  longer  times.  It  seems  important  to  me  that  the 
distributions  for  2 q  and  3 q  be  studied  with  the  same  care  the  Hopkins  has  given  q  to  sec 
whether  the  fit  of  the  convolution  of  a  normal  with  two  identical,  independent  uniform 
distributions  continues  to  be  equally  satisfactory.  For  the  reasons  given  above,  I 
wonder  if  an  asymmetry  will  not  begin  to  evidence  itself.  If  it  does  not,  the  second 
uniform  distribution  on  (0,2 q)  is  an  interesting  theoretical  challenge. 

Before  I  turn  to  my  last  topic,  let  me  say  how  pleased  I  am  to  find  growing  evidence 
for  the  existence  of  both  good  mental  clocks  and  accurate  mental  counters,  w  hich  some 
years  ago  David  Green  and  I6  suggested  would  provide  a  parsimonious  account  of  some 
psychophysical  speed-accuracy  data. 


SUBJECTIVE  PERCEPTION  OF  TIME 

When  we  turn  to  the  subjective  aspects  of  the  perception  of  time,  the  only  phrase  that 
comes  to  my  mind  is  “a  can  of  worms."  It  is  a  familiar  can  to  those  who,  like  myself, 
have  fished  in  psychophysical  waters. 
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With  the  exception  of  Eisler  (see  below),  those  who  have  spoken  of  clock  models 
have  postulated  periodicity  in  real  time,  and  to  the  degree  that  the  models  are 
successful,  which  is  considerable,  that  can  be  taken  as  prima  facie  evidence  that  at  a 
certain  level  the  perception  of  time  is  proportional  to  physical  time.  In  this  view, 
subjective  scales  are  no  more  than  useful  constructs  in  a  theory,  and  certainly  many 
important  constructs  of  physics — energy,  momentum,  entropy,  and  force— gained 
their  status  only  via  theory.  However,  as  psychologists  we  have,  in  addition,  strong 
intuitions  about  the  lively  existence  of  subjective  attributes  that  cannot  possibly  be 
linear  with  the  usual  physical  measures  as  well  as  the  added  knowledge  that  when  we 
ask  human  subjects,  more  or  less  directly,  about  these  attributes,  we  usually  obtain 
results  that  are  far  from  linear  with  physical  measures.  That  makes  suspect,  but  by  no 
means  rules  out,  the  proportionality  of  subjective  to  physical  time  which  is  posited, 
with  success,  in  these  models. 

Some5  observe  that  the  distributional  data  are  describable  as  arising  from  a  single 
distribution  through  scale  changes,  which  is  what  Weber's  law  amounts  to,  and  suggest 
that  this  in  essence  determines  the  needed  transformation  of  time — which  transforma¬ 
tion  is  located  in  memory  and  not  in  the  clock.  This  is  the  original  strategy  of  Fecnner, 
one  that  postulates  a  solution  which,  at  least  in  psychophysics,  has  been  found  wanting 
an  empirical  basis. 

So,  one  says,  almost  reflexivcly,  let’s  decide  the  matter  empirically.  It  is  perhaps 
well  to  begin  with  the  blunt  admission  that  psychophysicists  have  never  evolved  a  way 
to  do  so  that  has  commanded  wide  assent.  The  direct  scaling  methods  of  S.S.  Stevens7 
to  which  Eisler  made  reference,  rest  upon  a  mode  of  communication  that  is  entirely 
language  based;  in  fact,  these  methods  rely  upon  the  instruction  to  the  subjects  that  the 
numbers  they  assign  to  stimuli  shall  preserve  subjective  ratios.  In  whatever  way  our 
subjects  understand  this  instruction,  they  do  give  consistent,  repeatable  data;  nonethe¬ 
less,  whatever  the  instruction  does  mean,  we  do  not  have  the  slightest  idea  how  to 
communicate  it  nonverbally.  Moreover,  through  the  work  of  King  and  Lockhead,ti  we 
know  that  magnitude  estimates  are  highly  malleable,  and  quite  different  functions  can 
be  obtained  by  altering  the  feedback  subjects  receive.  In  brief,  we  simply  do  not  know 
how  to  do  scaling  experiments  with  subjects  who  do  not  speak  our  language.  Yet,  that  is 
exactly  what  two,  and  perhaps  three,  of  our  authors  have  claimed  to  be  doing.1 '  Do  I 
misunderstand  and  have  they  solved  the  century-old  dilemma  of  the  psychophysics  of 
big  differences,  of  what  I  call  global  psychophysics?  I  think  not. 

So  far  as  I  can  tell,  the  researchers  working  with  animals  are  doing  temporal 
discrimination  studies  which,  just  like  the  discrimination  studies  of  psychophysics,  do 
not  tell  us  much  about  the  overall  apprehension  of  an  attribute.  The  fact  that  the 
indifference  point  between  a  variable  and  a  standard  time  interval  sometimes  is 
approximately  at  the  standard  in  no  way  implies  that  a  linear  scale  in  involved,  and  the 
fact  that  Weber’s  law  holds  does  not  dictate  a  particular  nonlinear  transformation. 
Eisler  is  quite  aware  that  neither  tack  will  do,  but  I  believe  he  has  slipped  into  two  other 
traps.  First,  he  has  avoided  reducing  the  problem  to  one  of  simple  discrimination  by 
assuming  that  the  subject  selects  the  second  interval  not  to  be  equal  to  the  first  one.  but 
to  be  subjectively  one-half  of  the  total  interval.  The  motivation  for  this  bit  of 
indirection  on  the  part  of  the  animal,  although  not  the  author,  escapes  me.  How  docs 
the  animal  know  to  use  1/2  rather  than  any  other  fraction?  Second,  and  rather  more 
serious,  he  has  used  the  human  data  to  establish  a  region  within  w  hich  he  reinforced 
the  animals’  responses  in  what  amounts  to  a  discrimination  study  with  10  discrimina¬ 
tive  stimuli,  and  the  animals — at  least  two  of  eight  rats — quite  reasonably  took  into 
account  their  own  variability  and  stayed  well  within  the  reinforced  region,  thereby 
nearly  reproducing  the  human  behavior.  Since  we  know  from  years  of  operant  work 
that  animals  are  quite  sensitive  to  temporal  reinforcement  and  from  human  work  that 
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magnitude  estimation  scales  are  malleable,  these  results  persuade  me  of  nothing 
whatsoever  about  temporal  perception  in  animals. 

I  do  not  wish  to  disparage  efforts  toward  finding  objective  ways  of  eliciting 
information  about  internal  states,  which  is  what  I  believe  a  subjective  scale  to  be,  but  it 
is  surely  going  to  require  a  more  complex  idea  than  either  just  discrimination  or  just 
reinforcement.  For  the  moment  we  may  have  to  be  satisfied  with  models  of  the  sort  that 
KristofTerson  and  his  students  and  Gibbon  and  Church  have  been  working  on  to 
account  for  these  highly  regular  and;  1  believe,  important  temporal  discrimination  and 
timing  data. 
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Suppose  a  subject  executes  a  number  of  mental  processes  to  perform  a  task.  We  cannot 
observe  the  processes  directly,  but  we  can  observe  the  time  required  to  complete  the 
task  under  various  conditions.  The  problem  is  to  determine,  as  far  as  possible,  how  the 
processes  are  organized  and  how  much  time  each  process  takes.  I  will  summarize  an 
approach  to  this  problem  based  on  the  theory  of  scheduling  and  on  Sternberg’s1 
additive  factor  method.  Then  this  approach  will  be  used  to  locate  the  decision  process 
in  several  cognitive  tasks. 

The  theory  of  scheduling  deals  with  the  optimal  organization  of  processes  in 
computers,  factories,  and  so  on.2'5  One  common  type  of  process  organization  is  the 
critical  path  network.  Each  process  in  the  task  is  represented  by  an  arrow  in  the 
network,  and  if  process  a  must  be  completed  before  process  b  can  start,  then  the  arrow 
corresponding  to  a  precedes  the  arrow  corresponding  to  b  (Fig.  1 ).  No  arrow  is  allowed 
to  precede  itself,  and  the  network  is  said  to  be  acyclic. 

Processes  in  a  critical  path  network  are  related  in  one  of  two  ways.  Those  joined  by 
a  directed  path,  such  as  a  and  b  in  FIGURE  1 ,  must  be  executed  in  order  and  are  called 
sequential.  Those  not  joined  by  a  directed  path,  such  as  a  and  c  in  Figure  1 .  are  called 
concurrent  because  they  can  be  executed  simultaneously.  Note  that  processes  in  scries 
and  in  parallel6  are  special  cases  of  sequential  and  concurrent  processes,  respectively. 
Two  sequential  processes  are  in  series  if  a  process  is  on  a  path  with  one  of  them  if  and 
only  if  it  is  on  a  path  with  the  other.  Two  processes  are  in  parallel  if  they  have  the  same 
starting  and  terminating  points.  For  example,  a  and  c  are  in  parallel  in  Figure  1 .  We 
assume  that  no  process  can  begin  until  all  those  preceding  it  are  finished.  Every  process 
has  a  duration,  and  the  duration  of  the  task,  the  response  time,  is  the  sum  of  ihe 
durations  of  the  processes  on  the  longest  path  through  the  network,  called  the  critical 
path. 

As  the  critical  path  method  is  ordinarily  used,  the  network  is  given,  and  the  time 
required  to  complete  the  task  is  to  be  calculated.  We  have  the  opposite  problem:  We 
know  the  time  required  to  complete  the  task  under  various  conditions  and  .  ant  to 
construct  the  unknown  network.  The  key  to  constructing  the  network  is  to  use  the  idea 
from  Sternberg’s  additive  factor  method  of  prolonging  processes.  The  effects  of  such 
prolongations  are  surprisingly  informative  about  the  network. 

The  assumptions  here  differ  from  those  of  the  additive  factor  method  in  that  we 
allow  for  the  possibility  of  two  processes  being  executed  concurrently.  The  assumptions 
are  also  different  from  those  of  McClelland’s7  cascade  model.  In  his  model,  more  than 
one  process  is  in  execution  at  a  time,  but  the  processes  are  sequential  in  the  sense  that 
information  is  passed  continuously,  from  one  process  to  the  next,  in  order. 

A  further  assumption  will  be  made:  that  the  process  durations  are  fixed  quantities 
and  do  not  vary  from  trial  to  trial.  Equations  based  on  this  assumption  arc  onl\ 
approximations  to  the  correct  stochastic  equations,  but  with  long  prolongations  and  a 
large  number  of  trials  the  approximations  are  not  too  bad.8  Without  this  assumption, 
the  problems  are  formidable,  although  some  progress  has  been  made.'’  1 1 
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With  Sternberg’s1  additive  factor  method,  two  experimental  factors  which  increase 
reaction  time  are  manipulated.  Suppose  that  (a)  all  the  processes  of  a  task  are  executed 
in  a  sequence  and  that  (b)  each  factor  prolongs  a  different  process.  Then  the  effect  on 
reaction  time  of  prolonging  both  processes  will  be  the  sum  of  the  effects  of  prolonging 
them  individually.  A  violation  of  additivity  has  usually  been  interpreted  in  the 
framework  of  the  method  as  indicating  that  (b)  is  false.  But  nonadditivity  might 
indicate  instead  that  (a)  is  false,  and  that  processing  is  not  entirely  sequential. 
Nonadditivity  turns  out  to  be  likely  when  separate  processes  are  prolonged  in  a  task 
involving  concurrent  processing.  For  such  a  task,  of  course,  there  is  no  reason  to  expect 
the  principles  of  the  additive  factor  method  to  apply  without  modification. 


Latent  Network  Theory 

The  increase  in  response  time  produced  by  prolonging  two  processes  depends  on 
whether  they  are  concurrent  or  sequential.  Let  T denote  the  response  time  when  all  the 
processes  are  at  the  shortest  durations  used  in  the  experiment.  Let  A7XAx,  0)  denote 
the  increase  in  T  produced  by  prolonging  process  x  by  Ax,  leaving  y  unchanged;  other 


FIGURE  1.  Each  arrow  represents  a  mental  process  that  must  be  executed  to  perform  a  task.  The 
numbers  on  the  arrows  are  the  process  durations. 


increases  are  denoted  analogously.  It  can  be  shown  that  if  x  and  y  are  concurrent, 
then 


AT(Ax,  Ay)  -  max  [AT^Ax,  0),  A7(0,  A^)].  (1) 

(All  the  equations  in  this  section  were  derived  in  an  earlier  paper.12) 

The  situation  is  more  complicated  if  x  and  y  are  sequential.  Suppose  x  precedes  v. 
The  amount  of  time  by  which  x  can  be  prolonged  without  making  y  start  late  is  called 
the  slack  from  x  to  y,  written  r(xy).  Similarly,  the  amount  of  time  by  which  x  can  be 
prolonged  without  delaying  the  response,  r,  and  thereby  increasing  the  response  time  is 
called  the  total  slack  for  x,  written  j(xr).  A  process  is  on  a  critical  path  if  and  only  if  its 
total  slack  is  zero.  If  all  the  processes  are  in  a  sequence,  there  is  only  one  path, 
necessarily  critical,  so  every  process  has  zero  total  slack. 

Slack  is  important  when  two  sequential  processes  are  prolonged.  Suppose  v 
precedes  y  on  a  path.  If  the  prolongations  Ax  and  Ay  are  not  too  small,  then  it  can  be 
shown  that 

AT(Ax,  A>>)  -  AT(Ax,  0)  +  A T(0,  Ay)  +  k{xy),  (2) 

where  k(xy)  -  s(xr)  -  s(x>>)  is  called  the  coupled  slack  from  x  to  >\ 
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The  magnitude  of  k(xy)  does  not  depend  on  the  magnitudes  of  Ax  and  Ay.  This  fact 
provides  a  strong  test  of  whether  a  network  analysis  applies  to  a  given  set  of  data:  All 
values  of  Ax  and  Ay  large  enough  for  Equation  2  to  hold  should  yield  the  same  value  for 
k(xy),  the  interaction  term. 

If  all  the  processes  are  sequential,  k(xy)  =  0  for  every  pair  x  and  y,  and  Equation  2 
becomes  the  additive  relationship  of  the  additive  factor  method.  In  general,  however. 
Equations  1  and  2  indicate  that  when  two  separate  processes  in  a  network  are 
prolonged,  their  effects  will  interact. 


The  Wheatstone  Bridge 

A  negative  value  of  k(xy)  is  very  informative.  If  x  precedes  y  and  k(xy)  <  0,  then 
the  task  network  must  have  a  subnetwork  in  the  shape  illustrated  in  Figure  2,  called  a 
Wheatstone  bridge.  Moreover,  certain  relationships  hold  among  the  path  durations, 
although  these  are  not  relevant  here.  See  Schweickert12  for  the  details  and  proof. 

A  peculiarity  of  processes  x  and  y  arranged  in  a  Wheatstone  bridge  with  k{xy)  <  0 
is  that  small  prolongations  of  x  and  y  will  result  in  the  holding  of  Equation  1  rather 
than  2.  That  is,  for  small  prolongations,  x  and  y  will  mimic  concurrent  processes.  This 
can  only  occur  with  a  Wheatstone  bridge.  This  mimicking  of  concurrent  processes  by 


FIGURE  2.  A  Wheatstone  bridge.  If  the  coupled  slack  for  x  and  y  is  negative,  then  the  task 
network  has  a  subnetwork  of  this  shape. 


sequential  ones  is  the  analog  of  the  nonidentifiabiiity  discovered  by  Townsend,6  that 
serial  and  parallel  processes  often  cannot  be  distinguished  on  the  basis  of  their 
completion  time  distributions. 


Determining  Processing  Order 

Experiments  in  which  the  subject  makes  two  responses  on  every  trial  arc  also 
informative.  Let  the  two  response  times  be  T,  and  7\,  both  measured  from  the  same 
point.  Each  response  time  considered  alone  will  satisfy  Equation  I  or  2  under  the 
appropriate  conditions.  Furthermore,  T,  and  T2  are  related.  Suppose  v  precedes  y, 
which  precedes  both  responses,  and  the  prolongations  Ax  and  At  are  not  too  small. 
Then 


AT, (A*,  Ay)  -  AT,(0,  Ay)  «  AT2(A.v.  Ay)  -  AT,(0.  At  ).  (3) 

If,  instead,  y  precedes  x,  then  AT,(Ax,  0)  and  AT2(A.x,  0)  are  required  in  Equation 
3  in  place  of  AT,(0,  Ay)  and  AT2(0,  Ay).  The  order  of  x  and  y  is  revealed,  then,  if  one 
version  of  Equation  3  holds  but  not  the  other.  If  neither  version  holds,  a  network  model 
is  invalid. 


3SN3dX3  1N3WN«3A00  IV  Q3^0QO«d3« 


SCHWEICKERT:  CRITICAL  PATH  NETWORKS 


85 


There  is  another  way  to  find  the  order  of  execution  of  processes.  Suppose  x 
precedes  y  which  precedes  z.  If  the  prolongations  A.r,  Ay,  and  A z  are  not  too  small,  then 
the  combined  effect  of  prolonging  all  three  processes  is 

AT(Ax,  Ay,  Az)  =  A7\A.x:,  0.  0)  +  k(xy) 

+  AT(0,  Ay,  0)  +  A:Cvr)  +  AT(0,  0.  Az).  (4) 

This  equation  is  useful  for  two  reasons.  First,  since  all  the  parameters  in  it  can  be 
determined  by  prolonging  the  processes  individually  and  in  pairs,  the  equation  makes  a 
prediction  which  can  be  tested.  Second,  the  equation  gives  information  about  order,  y  is 
executed  between  x  and  z.  To  see  this,  note  that  for  the  three  processes  there  are  three 
coupled  slacks,  k(xy),  k(yz)  and  k{xz),  but  k(xz),  the  one  corresponding  to  the  first 
and  last  of  the  three  processes,  is  missing  in  the  above  equation.  If  the  order  were,  say  v, 
then  z,  theny,  the  missing  term  would  be  k(xy). 

The  method  summarized  here  has  three  major  advantages  over  most  other  methods 
for  analyzing  reaction  times:  ( I )  It  can  be  used  even  if  the  processes  are  not  all  in  series. 
Furthermore,  one  can  usually  determine  whether  two  mental  processes  are  sequential 
or  concurrent.  (2)  If  processes  are  sequential,  one  can  often  determine  their  order  of 
execution.  (3)  Information  about  the  durations  of  processes  is  provided  bv  the 
magnitudes  of  the  coupled  slacks,  A:(.ty)  (see  below). 


APPLICATION:  THE  LOCATION  OF  DECISIONS  IN  COGNITIVE  TASKS 

The  procedure  just  described  will  be  applied  to  four  information-processing  tasks,  each 
of  which  involves  a  decision,  that  is,  a  process  prolonged  by  increasing  the  information 
in  the  stimulus. 13,14 


Digit-Naming 

Two  digit  naming  experiments  will  be  discussed,  one  by  Sternberg20  (p.  296)  and  a 
closely  related  one  by  Blackman.15  In  Sternberg’s  experiment,  subjects  were  presented 
visually  with  a  digit  and  responded  with  a  spoken  digit.  Three  factors  were  manipu¬ 
lated:  (i)  Stimulus  quality  was  degraded  by  superimposing  a  checkerboard  pattern  over 
the  digit  on  some  trials.  Let  E  be  the  process  prolonged  by  this  procedure.  (/'/')  The 
number  of  alternative  digits  was  two  in  some  blocks  of  trials  and  eight  in  others.  We 
will  call  the  process  prolonged  by  increasing  the  number  of  alternatives  the  decision.  D 
(iii)  On  some  trials  the  subject  named  the  digit,  and  on  other  trials  he  named  the  digit 
plus  one.  Let  Q  be  the  process  prolonged  when  the  subject  adds  one  to  the  digit. 

The  data  are  in  Table  I .  The  effects  of  degrading  the  stimulus  and  of  adding  one 
arc  additive,  indicating  that  each  of  those  manipulations  affects  a  separate  process:  the 
two  processes  are  sequential.  The  effects  of  degrading  the  stimulus  and  increasing  the 
number  of  alternatives  interact,  as  do  the  effects  of  increasing  the  number  of 
alternatives  and  adding  one  to  the  digit. 

The  additive  factor  explanation  of  these  results  assumes  that  the  task  is  composed 
of  a  sequence  of  processes  and  degrading  the  stimulus  prolongs  one  of  them.  F.  w  hile 
adding  one  to  the  digit  prolongs  another,  Q.  If  increasing  the  number  of  alternatives 
prolonged  a  third  process  in  the  sequence,  then  the  effects  of  this  factor  should  be 
additive  with  the  others.  The  explanation,  according  to  the  additive  factor  method,  of 
the  interactions  which  were  found  instead  is  that  increasing  the  number  of  alternatives 
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table  I.  Changes  in  Response  Times  in  Sternberg’s  Digit-Naming  Experiment* 


Factor  Levels 


Stimulus 

Quality 

Number  of 
Alternatives 

Transfor¬ 

mation 

Prolon¬ 

gations 

AT 

Degraded 

8 

x  +  1 

A  £  A  D  A  Q 

197 

Intact 

8 

x  +  1 

AD  IQ 

144 

Degraded 

2 

x  +  1 

A  £  A  Q 

45 

Intact 

2 

X  +  1 

A  Q 

18 

Degraded 

8 

X 

A  £  AD 

97 

Intact 

8 

X 

AD 

43 

Degraded 

2 

X 

A  E 

30 

Intact 

2 

X 

Baseline 

0 

Note:  The  baseline  reaction  time  was  328  msec. 
"Data  are  from  Figure  8  of  Sternberg.1 


affects  both  E  and  Q.  If  we  relax  the  assumption  that  all  the  processes  are  in  a 
sequence,  however,  the  interactions  can  be  explained  if  each  factor  affects  a  process  in 
a  critical  path  network. 

Suppose  the  processes  are  arranged  in  a  network.  The  data  indicate  that  Equation  2 
holds  for  every  pair  of  the  processes  E,  D,  and  Q.  The  values  of  the  coupled  slacks  are 
calculated  from  Table  1. 

k(EQ)  =  A7XA£,  0,  AQ)  -  A7XA£,  0,  0)  -  AT(0,  0,  A Q)  =  -  3, 

k(ED)  =  A7XA£,  A D,  0)  -  AT(AE.  0,  0)  -  AT(0,  AD,  0)  -  24. 

k(DQ)  =  A 7X0,  AD,  A Q)  -  AT(0,  AD,  0)  -  A7(0,  0.  A0  =  83. 

These  equations  indicate  that  processes  E,  D,  and  Q  are  all  on  a  path  together. 

What  is  their  order?  Common  sense  suggests  that  E,  the  process  affected  by  stimu’us 
degradation,  would  come  first.  In  his  discussion  of  the  experiment,  Sternberg  says  that 
degrading  the  stimulus  and  having  the  subject  add  one  to  the  digit  probably  alfect 
processes  that  are  widely  separated.  This  suggests  that  D  is  in  the  middle,  and  the  order 
is  E,  then  D,  and  then  Q.  This  order  can  be  tested  by  Equation  4,  which  should  hold  in 
the  following  form  if  the  order  E,  D,  Q  is  correct: 

AT(AE,  AD,  A Q)  -  AT{AE,  0,  0)  +  k(ED) 

+  A 7X0,  AD,  0)  +  k(DQ)  t-  A 7X0.  0,  A0. 


D 


0 


r 


FIGURE  3.  A  network  for  the  digit-naming  experiments  of  Sternberg  and  Blackman  1  he  nme: 
of  the  digit  is  at  o  and  the  response  is  made  at  r.  Process  £  is  prolonged  by  stimulus  degrade  n  >n.  /> 
is  the  decision,  and  Q  is  prolonged  when  the  subject  adds  one  to  the  digit. 
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From  Table  1, 


197  -  30  +  24  +  43  +  83  +  18. 

Since  the  right  hand  side  is  198,  the  error  is  1  and  the  equation  holds. 

An  equally  good  fit  would  be  given  by  the  order  Q,  D,  E ,  although  this  order  is 
unintuitive.  Every  other  order  does  worse.  The  fact  that  Equation  4  hoids  for  some 
order  is,  of  course,  support  for  a  network  model.  A  network  representing  the  mental 
processes  in  this  task  is  given  in  Figure  3.  Details  about  its  construction  and  about  the 
process  durations  are  in  the  appendix. 


A  Related  Digit-Naming  Task  by  Blackman 

Blackman'5  performed  an  experiment  which  is  a  replication  of  the  one  by 
Sternberg,  with  one  change.  Sternberg  increased  the  number  of  alternative  digits  from 


table  l.  Changes  in  Response  Times  in  Blackman's  Digit-Naming  Experiment15 


Factor  Levels 


Stimulus 

Quality 

Stimulus 

Probability 

Transfor¬ 

mation 

Prolon¬ 

gations 

A  T 

Degraded 

.15 

x  +  1 

A  E  A  D  A  Q 

307 

Intact 

.15 

x  +  1 

A  D  A  Q 

146 

Degraded 

.70 

X  +  1 

A  E  A  Q 

137 

Intact 

.70 

X  +  1 

A  Q 

31 

Degraded 

.15 

X 

A  E  A  D 

227 

Intact 

.15 

X 

A  D 

76 

Degraded 

.70 

X 

A  E 

97 

Intact 

.70 

X 

Baseline 

0 

Note:  The  baseline  reaction  time  was  445  msec. 


2  to  8  and  thereby  prolonged  a  process  we  called  D.  Blackman  always  presented  three 
stimuli,  but  varied  their  probabilities.  The  most  probable  stimulus  was  presented  70% 
of  the  time  and  each  of  the  other  two  was  presented  15%  of  the  time. 

We  will  suppose  that  the  process  affected  by  stimulus  probability  is  the  same 
process  as  that  affected  by  the  number  of  alternatives,  since  manipulating  the  latter  is  a 
special  case  of  manipulating  the  former,  and  we  will  call  this  process  the  decision,  D. 

The  data  for  Blackman's  experiment  are  given  in  Table  2.  The  coupled  slacks  have 
the  following  values: 

k(EQ)  =  A7(A£,  0,  A0  -  A7(A£\  0.  0)  -  A 7(0,  0.  A0  =  9. 

k(ED)  =  A7(A£,  AD,  0)  -  A7(A£\  0.  0)  -  A7(0,  AD,  0)  =  54, 

k(DQ )  -  A7(0,  AD,  A 0  -  A 7(0,  AD.  0)  -  AT(0,  0,  A0  =  39. 

Since  Equation  2  holds  for  each  pair  of  processes,  £,  D,  and  Q  are  all  on  a  path 

together.  To  be  consistent  with  the  results  found  in  Sternberg's  experiment,  their  order 
should  be  E,  then  D,  then  Q.  Equation  4  should  then  hold  in  the  form 
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AT( A£,  AD,  A<?)  =  AT(A£,  0,  0)  +  k(ED) 

4-  AT(0,  AD,  0)  4  k(DO)  +  AT(0.  0,  A  CD 


From  Table  2, 


307  -  97  +  54  +  76  +  39  +  31, 
the  error  is  10,  and  the  equation  holds. 

Since  the  experiments  of  Sternberg  and  Blackman  are  so  similar,  one  would  expect 
that  the  networks  representing  them  would  be  similar,  and  in  fact,  the  network  in 
Figure  3  represents  both;  the  details  are  in  the  appendix. 


A  Memory-Scanning  Task 

The  experiments  by  Sternberg  and  Blackman  support,  through  Equation  4,  the 
idea  that  stimulus  quality,  stimulus  probability  and  stimulus-response  compatibility 


table  3.  Response  Times  in  the  Experiment  of  Miller  and  Anbar16 


Stimulus  Probability 


Baseline 

a  ,n 

a.  n 

Degradation 

.31 

.15 

.04 

Unexpected 

A,£  (dim) 

849 

894 

925 

A,£  (dots) 

709 

786 

859 

Baseline  (normal) 

648 

659 

731 

Expected 

A;£  (dim) 

757 

780 

823 

A,E  (dots) 

622 

643 

685 

Baseline  (normal) 

547 

551 

585 

Note:  Data  published  in 

f  igures  4  and  5  of  Miller  and  Anbar 

Numerical  va 

lues  from  Miller. 

J.  Personal  communication.  May  14.  1982. 


affect  processes  arranged  in  a  critical  path  network.  Further  support,  this  time  through 
Equation  2,  conics  from  an  experiment  by  Miller  and  Anbar1"  (experiment  II). 

The  task  was  memory  scanning  using  letters  as  stimuli.  Three  letters  were  in  the 
positive  set.  On  each  trial,  the  subject  was  presented  with  a  probe  letter  and  indicated, 
by  pressing  a  button,  whether  the  probe  was  an  clement  of  the  positive  set  or  not 
Stimulus  probability  and  stimulus  quality  were  manipulated.  As  above,  we  denote  the 
process  affected  by  stimulus  quality  as  E  and  that  affected  by  stimulus  probability  as 
D.  A  third  factor,  expectancy,  was  also  manipulated. 

The  effects  of  decreasing  expectancy  do  not  agree  with  the  equations  we  would 
expect  to  hold  if  it  were  prolonging  a  single  process  in  a  critical  path  network,  although 
a  critical  path  network  describes  the  effects  of  the  other  two  factors.  The  effects  of 
expectancy  were  somewhat  irregular,  and  I  will  not  discuss  them  further,  although  the 
data  are  given  in  Table  3  for  the  interested  reader.  The  data  discussed  here  are  lor  the 
condition  in  which  the  stimuli  were  expected. 

Three  levels  of  stimulus  probability  w  ere  used,  .31,15  and  .04.  Stimulus  encodme 
was  affected  in  two  dilferent  ways,  by  decreasing  contrast  with  a  litter  over  the  screen 


3SN3dX3  J.N3KMNH3AOO  IV  C13Jn<JOdd3d 


SCHWEICKERT:  CRITICAL  PATH  NETWORKS 


89 


and  by  superimposing  dots  over  the  stimuli.  The  data  are  consistent  with  the  idea  that 
changing  the  contrast  and  superimposing  the  dots  are  two  levels  of  a  factor  that 
prolongs  a  single  process,  E.  It  will  be  convenient  for  us  to  accept  this  idea,  although  an 
analysis  of  the  results  carried  out  without  this  assumption  would  also  support  a  network 
model. 

The  data  are  in  Table  3.  Note  that  when  the  letters  are  presented  normally,  there 
is  little  effect  of  changing  stimulus  probability  from  .31  to  .  1 5,  but  there  is  an  effect  of 
changing  stimulus  probability  from  .31  to  .04.  The  network  model  explanation  is  that 
D,  the  process  prolonged  by  decreasing  stimulus  probability,  has  slack.  A  small 
prolongation  of  D  has  no  effect  on  response  time,  while  a  larger  prolongation  has  an 
effect. 

Let  A,D  be  the  amount  by  which  D  is  prolonged  when  stimulus  probability  is 
decreased  from  .31  to  .15,  and  let  A 2D  be  the  amount  by  which  D  is  prolonged  when 
stimulus  probability  is  decreased  from  .31  to  .04.  The  combined  effects  of  changing 
stimulus  quality  and  stimulus  probability  are  described  by  Equation  2.  That  is, 

T(AlE,A2D)  -  7(A,£,0)  -  7(0,  A2D)  +  7(0,0)  -  k(ED) 

685  -  622  -  585  +  547  =  25. 

Furthermore,  in  accordance  with  the  model,  the  larger  level  of  prolongation  of  E .  A2E, 
leads  to  the  same  value  for  k(ED), 

T(A2E,  A 2D)  -  T(A2E,  0)  -  7(0,  A2D)  +  7(0, 0)  =  k(ED) 

823  -  757  -  585  +  547  -  28. 

Since  the  two  values  of  k(ED )  are  about  the  same  (25  =*  28),  the  equations  above 
support  the  idea  that  E  and  D  are  sequential  processes  in  a  critical  path  network. 

At  the  normal  level  of  stimulus  quality,  changing  stimulus  probability  from  .31  to 
.  1 5  had  little  effect  on  response  time.  But  Table  3  shows  that  beyond  the  normal  level, 
the  effects  of  changing  stimulus  quality  and  of  decreasing  stimulus  probability  have 
additive  effects  on  response  time.  The  additivity  is  found  for  decreasing  stimulus 
probability  from  .31  to  .15,  and  also  for  decreasing  it  from  .31  to  .04.  In  other  words, 
the  coupled  slack  between  E  and  D  is  0,  and  in  accordance  with  Equation  2  this  value 
docs  not  depend  on  the  level  of  prolongation  of  D.  It  is  likely  that  at  these  levels  for  the 
duration  of  E  and  D ,  E  and  D  are  <.  tical  processes.  The  coupled  slack  is  zero  because 
factors  prolonging  critical  processes  are  additive  factors. 


A  Dual  Task 

I  will  now  discuss  the  location  of  a  decision  in  a  more  complex  task.17  In  a  dual  tone 
and  digit  identification  task,  Becker"  investigated  the  joint  effects  of  the  size  of  the 
interstimulus  interval  and  the  difficulty  of  the  tone  decision.  The  digit  1  or  2  was 
presented  visually,  and  after  an  interstimulus  interval  of  either  90  or  190  msec  a  high- 
or  low-frequency  tone  was  presented.  With  his  left  hand  the  subject  pressed  one  of  two 
buttons  to  indicate  which  digit  occurred.  With  his  right  hand  he  responded  to  the  tone. 
The  decision  about  the  tone  was  manipulated  by  requiring  either  one  or  two  alternative 
responses  to  the  tone.  In  the  one  alternative  condition,  the  subject  pressed  the  same 
button  when  either  tone  occurred,  and  in  the  two  alternative  condition  he  pressed  one  of 
two  buttons  to  indicate  which  tone  occurred. 

Let  /  be  the  interstimulus  interval  and  let  A  be  the  process  prolonged  by  increasing 
the  number  of  alternatives  for  the  tone  response.  We  will  call  A  the  decision  about  the 
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tone.  When  there  are  two  responses,  it  is  customary  to  measure  the  reaction  time  for 
the  second  response  from  the  onset  of  the  second  stimulus.  For  our  purposes,  it  is 
convenient  to  measure  all  the  times  with  respect  to  the  same  point,  namely  the  onset  of 
the  first  stimulus,  the  digit.  Let  od  denote  this  point.  Let  ^(0,  0)  =  346  be  the  baseline 
response  time  to  respond  to  the  digit  and  let  rn(0.  0)  =  475  be  the  baseline  response 
time  to  respond  to  the  tone,  both  time  intervals  measured  with  respect  to  od. 

The  time  to  respond  to  the  digit  when  /  and  N  are  prolonged  will  be  denoted 
Ta(AI,  AN).  The  increase  in  response  time  to  the  digit  when  /  and  ,V  are  prolonged  will 
be  denoted  ATd(AI,  AN)  =  7d(A/,  AN)  -  Td( 0,  0),  and  so  on.  (In  each  condition  rd  is 
the  same  as  RT1  in  Table  1  of  Becker’s  article,  and  Tn  is  RT2  plus  the  appropriate  ISL) 
Table  4  gives  the  response  times  and  changes  in  response  times  in  the  various 
conditions. 


Additive  Factors 

The  two  experimental  factors  have  additive  effects  on  response  time.  For  the  digit 
responses  (see  Table  4), 

AT6(Al,  AN)  -  ATd(A/.  0)  +  ATd(0,  AN), 

113  =  21  +  87. 

with  an  error  of  5.  A  similar  equation  holds  for  the  tone  responses 

182  =  37  +  145, 


with  an  error  of  0. 

The  additivity  is  evidence  that  the  interstimulus  interval  and  the  decision  about  the 
tone  are  sequential  processes.  If  all  the  processes  in  the  task  were  sequential,  though, 
then  when  /  is  prolonged,  each  response  time  should  increase  by  however  much  / 
increases.  But  when  /  is  prolonged  by  100,  Td  is  only  increased  by  21  and  T„  by  37. 
What  happened  to  the  rest  of  the  time  by  which  l  was  prolonged? 

A  solution  is  to  assume  that  some  process,  or  sequence  of  processes,  is  executed 
concurrently  with  /  and  takes  longer  than  /,  as  illustrated  in  Fioerf.  4.  where  t 
indicates  tb: .  sequence.  In  the  figure,  od  and  o„  are  the  onsets  of  the  digit  and  tone, 
respectively.  If  the  lower  path  takes  longer  than  the  upper  path  by  about  79.  then  w  hen 
I  is  prolonged  by  100.  the  first  79  are  expended  in  simply  making  the  upper  and  lower 
paths  equal  in  duration,  and  the  remaining  21  yield  the  observed  increase  in  7d. 

The  lower  path  U  of  processes  concurrent  with  /  is  drawn  as  preceding  .Yin  Fk.irl 


table  4.  Changes  in  Response  Times  in  Becker's  Digit  and  Tone  Identification 
Task1” 


Factor  Levels 


Tone 


A/ 

Responses 

Prolongations 

AT, 

At. 

190 

2 

(4/,  X\) 

113 

is: 

90 

2 

(0.  AN 

87 

I4< 

190 

1 

(A/.0) 

21 

f 

90 

1 

Baseline 

0 

O 

Note:  The  baseline  digit  response  time  was  346.  and  the  baseline  tone  response  time  was  4~> 
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FIGURE  4.  A  network  for  Becker's  digit  and  tone  identification  task.  The  digit  is  presented  at  Oj 
and  the  tone  at  o„.  The  interstimulus  interval  is  /  and  the  decision  about  the  tone  is  A.  Responses 
to  the  digit  and  tone  are  made  at  rt  and  /•„  respectively. 

4  for  the  following  reason:  Since  the  effects  of  prolonging  /  and  N  are  additive  for  both 
reaction  times,  MIN)  and  MIN)  are  both  zero,  that  is,  the  slack  for  /  with  respect  to 
each  response.  The  network  in  Figure  4  is  the  simplest  way  of  achieving  these 
equalities. 

Since  U  begins  before  the  tone  has  been  presented,  V  is  probably  involved  in 
processing  the  digit.  A  role  for  U  is  suggested  by  Welford’s19  20  single-channel  theory, 
which  says  that  when  a  subject  is  presented  with  two  stimuli,  he  can  only  make  a 
decision  about  one  of  them  at  a  time,  although  peripheral  processing  of  the  two  stimuli 
might  overlap.  A  clear  explication  of  this  theory  is  provided  in  an  excellent  review  by 
Kerr.21  It  may  be,  then,  that  U  involves  the  decision  about  the  digit,  and  must  be 
completed  before  the  decision  about  the  tone  can  start. 


The  Order  of  /  and  A’ 

Since  I  and  N  are  on  a  path  together.  Equation  3  can  be  used  to  establish  their 
order.  Common  sense  suggests  that  I  precedes  N,  since  the  decision  about  the  tone  can 
only  occur  after  1  has  ended  and  the  tone  is  presented.  If,  contrary  to  this  idea.  N 
precedes  I.  we  would  expect  Equation  3  to  hold  in  the  form 

AMA/,  A/V)  -  ATd(A/.  0)  =  AMA/.  A,V)  -  AM  A/,  0), 

but  the  error  would  be  53  (sec  Table  4),  so  A' does  not  precede  /. 

On  the  other  hand,  if  /  precedes  .V  we  would  expect  Equation  3  to  hold  in  the 
form 


AM  A/.  A  A)  -  AMO.  A  A’)  =  AM  A/.  A  A')  -  AMO.  AA). 
and  from  Table  4, 

113  -87  -  182  145. 

I  lore  the  error  is  only  1 1 .  so  the  evidence  supports  the  common  sense  order  /  then  A 
Many  more  details  about  the  network  can  be  determined:  in  particular,  several 
relationships  between  the  durations  of  paths  in  the  network  can  be  derived,  the  details 
of  which  arc  in  the  appendix. 


DISCUSSION 

Factorial  experiments  on  reaction  time  arc  commonplace  due  to  the  influence  of 
Sternberg’s1  additive  factor  method.  But  it  is  rare  for  an  investigator  to  use  more  than 
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two  levels  of  a  factor  or  to  use  three  or  more  factors.  Each  level  of  a  factor  which  is 
included  doubles  the  size  of  the  experiment,  so  naturally  such  experiments  are 
unattractive  unless  one  is  looking  for  something  specific.  Such  experiments  are 
important  for  testing  network  models  because  of  the  very  specific  predictions  made  in 
Equations  1  4. 

The  first  three  experiments  discussed  were  similar  in  that  each  manipulated  a 
factor  affecting  encoding  and  a  factor  affecting  the  information  in  the  stimulus.  The 
results  from  all  three  support  the  idea  that  these  factors  prolong  different  mental 
processes,  provided  that  we  allow  for  the  possibility  that  more  than  one  process  can  be 
executed  at  a  time.  In  each  of  the  experiments  at  least  one  of  the  network  equations  w  as 
tested  and  found  to  hold.  Furthermore,  two  similar  experiments,  the  one  by  Blackman 
and  the  one  by  Sternberg,  led  to  the  same  network  representation. 

More  experiments  arc  needed  to  test  the  network  models,  and  to  determine  the 
principles  underlying  their  forms.  One  principle  is  the  single-channel  hypothesis  that  a 
subject  can  make  only  one  decision  at  a  time.''u<u3  There  may  be  other  limitations  at 
work  in  the  peripheral  processing.  For  instance.  Fisher”  has  provided  evidence  that  in 
search  tasks  there  are  a  limited  number  of  processors  available — perhaps  four  and 
hence  there  may  be  a  limit  on  the  number  of  encoding  processes  that  can  be  executed 
concurrently.  Discovering  the  arrangerm  nts  of  processes  in  cognitive  tasks  is  a 
challenging  problem,  and  discovering  the  principles  underlying  these  arrangements 
will  be  even  more  so. 
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APPENDIX 

Details  about  the  Experiments  of  Sternberg  and  Blackman 
Digit-Naming  Network 

Let  V  and  .v"  denote  the  starting  point  and  terminating  point,  respectively,  of  a 
process  .v.  There  are  three  properties  required  by  any  critical  path  network 
representing  the  data  in  Table  1 .  (a)  None  of  the  processes  E.  D.  or  Q  is  on  the  critical 
path,  (b)  The  longest  path  from  E "  to  the  response  at  r  docs  not  contain  D"  or  Q'  ( c ) 
The  longest  path  from  the  stimulus  presentation  at  o  to  Q'  docs  not  contain  E  "  or  D' . 

To  see  that  (a)  is  true,  consider  process  E.  Since  k{ED)  -  ,v( Er)  -  s{ED)  -  24  is 
positive,  the  total  slack  for  E  is  positive,  and  E  cannot  be  critical.  Similar  arguments 
show  that  D  and  Q  are  not  critical. 

Part  (b)  follows  from  the  following  equation.12  Suppose  process  x  precedes  process 
l\  Then 


k(.xy)  =■  b(or)  -  h(oy')  -  r)(.v"r)  -  rt(.v’V).  (5i 

where  <>(//»)  is  the  duration  of  the  longest  path  between  points  u  and  v. 

If  Q’  were  on  the  longest  path  from  E"  to  r,  then 

b(E"r )  n (/.''(/)  i 

Then,  by  Equation  5.  it  is  easy  to  show  that  k(EQ)  k(DQ)  --  0.  However. 

k(EQ)  k(DQ)  3  83  .  0. 

contradicting  the  idea  that  Q’  is  on  the  longest  path  from  E"  to  r.  Similar  arguments 
complete  the  demonstration  of  (b)  and  (c). 
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Path  Durations 

Since  the  reaction  time  is  h(or)  =  328,  Equation  5  provides  information  about  the 
durations  of  paths.  For  example,  since  k(ED)  =  24, 

328  -  k(ED)  =  304  -  b(oD’)  +  b(E"r)  -  b(E'  D'). 

The  other  two  coupled  slacks  lead  to  similar  equations. 


More  Information  about  the  Network  in  Becker’s  Tone  and  Digit  Experiment 

Two  new  equations  will  be  introduced  here.  First,  if  process  x  is  prolonged  by  A.v. 
then  if  A.v  is  smaller  than  s(.vr),  no  increase  in  the  reaction  time  occurs.  Otherwise,  the 
increase  in  reaction  time  is  A.r  -  s(x.  r).  That  is, 

A7"(A.v)  =  max{0,  A.t  -  s(.v.  r)}.  (6) 

Second,  the  total  slack  for  x  can  be  written  in  terms  of  path  durations  as  follows: 

s(.vr)  -  b(or)  -  b(ox')  -  6(.t)  -  b(x"r).  (7) 


Estimates  of  Slack 

In  Becker's  experiment  the  size  of  the  interstimulus  interval,  /.  is  known  because  it 
was  directly  controlled  by  the  experimenter.  With  this  information.  Equation  6  can  be 
used  to  estimate  the  size  of  the  total  slack  for  /.  Let  rd  and  rn  be  the  points  at  w  hich  the 
responses  to  the  digit  and  tone,  respectively,  are  made.  By  Equation  6. 


A7<(A/.  0>  =  A /  -  S[l,  rA). 


Because  cr  the  experimental  procedure,  A /  =  100.  Therefore.  *(  I  rd)  »  79.  Similarly. 
.v(/,  rn)  63.  Since  these  two  estimates  are  so  close,  we  will  assume  the  slacks  are 
equal,  and  use  the  average,  71,  as  the  estimate, 

s(l,  rd)  =  .?(/.  rn)  -  71. 


Location  of  the  Two  Responses 

Process  N  precedes  both  rA  and  rB  because  prolonging  .V  prolongs  both  reaction 
times.  Furthermore,  rA  is  not  on  the  longest  path  from  A  ",  the  terminus  of  \.  to  r...  To 
sec  this,  note  that 

ATd(0,  AA)  ATn(0,  AA  )  =  AAr  -  ,v(A,  rd)  -  AA  ^  s(  A.  r.  ) 

=  b(oA,  r„)  -  5(.Y”.  r„)  -  b{od,  r,, )  •  .»(  N  ",  r,|. 
by  Equations  6  and  7.  If  rd  were  on  the  longest  path  from  A  ”  to  rr.  then 

<HA"\  r„)  =  b{,\"\  rd)  t  <5(rd,  /•„), 


3SNidAd  iN3WNB3AO‘J  IV  UiJHUOtidiU 


SCHWEICKERT:  CRITICAL  PATH  NETWORKS 


95 


so 


ATd(0,  A A)  -  A7„(0,  AA)  =  5(od,  r„)  -  6(od,  rd)  -  6(rd,  rn)  >  0. 


But  ATd(0,  AA)  -  AT^O,  AAO  =  87  -  145  =  -58  <  0,  contradicting  the  idea  that  rd 
is  on  the  longest  path  from  N"  to  r„.  Therefore,  there  is  a  path  from  the  end  of  N  to  rn. 
not  containing  rd  (see  Figure  4). 

Since  the  subjects  were  instructed  to  respond  to  the  digit  first,  then  the  tone.  I 
indicate  that  rd  precedes  /•„;  this  is  not  necessary  to  explain  the  data,  however. 

1  will  now  show  that  (a)  the  longest  path  from  od  to  rd  does  not  contain  A',  and  (b) 
the  longest  path  from  o„  to  rd  does  not  contain  N.  I  have  shown  in  the  equations  above 
that  j(A,  rd)  -  s(A,  r„)  =  58.  so  r(A,  rd)  is  greater  than  zero,  and  there  must  exist  a 
path  from  od  to  rd  not  containing  N.  Hence,  (a)  is  true.  I  have  also  shown  above  that 
s(I,  A)  =  s(I,  rd)  and  by  Equation  6  it  can  be  shown  that 


5(on,  rd)  -  6(o„,  A')  =  5(od,  rd)  -  5 (od,  N'). 


Substituting  the  left  hand  side  of  the  above  expression  into  the  following  expression 
(Equation  7), 


s(N.  rd)  -  6(od,  rd)  -  6(od,  N’)  -  6(N)  -  5(A",  rd)  >  0, 


we  obtain 


b(on,  rd)  -  6(o„,  A’)  -  6(A)  -  6( A",  rd)  >  0. 

so  (b)  is  true.  Perhaps  the  simplest  way  to  incorporate  propositions  (a)  and  (b)  into  the 
model  is  with  the  network  of  FIGURE  4. 

In  order  to  account  for  all  the  time  elapsing  between  the  onset  of  the  first  stimulus 
and  the  onset  of  the  last  response,  one  would  like  to  know  the  duration  of  each  process 
in  the  network.  It  is  not  possible  with  these  data  to  completely  determine  the  durations, 
but  we  can  come  close.  The  duration  of  the  longest  path  between  every  two  points  in  the 
above  network  can  be  expressed  in  terms  of  four  parameters.  5(on.  A').  5(A').  6(A".  rd) 
and  6(rd,  rn),  and  an  upper  bound  can  be  found  for  each  parameter.  The  details  are  left 
to  the  reader. 
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In  a  duration-discrimination  task,  the  order  in  which  stimuli  are  presented  can  have  a 
substantial  effect  on  accuracy.  For  example,  subjects  are  more  often  able  to  select  the 
longer  of  a  pair  of  durations,  say  340  msec  followed  by  300  msec,  w  hen  the  stimuli  are 
presented  in  that  order  (that  is,  longer  followed  by  shorter)  than  in  the  reverse  order 
(300  followed  by  340).' 2  Such  a  presentation  order  effect  is  called  a  positive  time-order 
error  (TOE).  Time-order  errors  are  not  unique  to  duration  comparisons,  of  course, 
since  they  have  been  reported  with  a  number  of  stimulus  modalities,  including 
brightness  and  loudness,  but  they  are  particularly  sizable  with  durations.  For  example, 
for  brief-duration  stimuli,  such  as  those  described  above,  the  time-order  error  may 
produce  a  difference  in  the  proportion  of  correct  responses  between  the  two  presenta¬ 
tion  orders  of  0.3,  or  more.1 

Positive  TOEs  are  thus  well  documented  for  the  case  of  judgments  of  the  overall 
duration  of  pairs  of  stimuli.2  4  In  other  situations,  when  the  overall  set  of  stimuli  covers 
a  substantial  range,  it  is  well  established  that  another  form  of  presentation  order 
effect — the  assimilation  effect — is  likely  to  occur  when  subjects  judge  overall  dura¬ 
tion.1  In  a  number  of  interesting  perceptual  situations,  however,  the  listener  must 
judge  the  duration  of  components  or  segments  of  complex  stimuli.  In  one  class  of  such 
complex  stimuli,  speech  sounds,  the  duration  of  an  acoustic  event  may  provide  an 
important  cue  to  phonetic  class.  In  fact,  one  such  distinction — voice-onset  time 
(VOT) — is  arguably  the  most  commonly  studied  variable  in  speech  perception 
research.h  B  VOT  discrimination  between  /ba /  and  / pa/  requires,  among  other  things, 
attention  to  the  duration  of  events  occurring  within  the  first  80  to  100  msec  of  a  syllable 
that  is  300  to  400  msec  in  length.  It  is  therefore  relevant  to  ask  (a)  whether  TOE 
and/or  assimilation  effects  occur  for  such  “duration  judgments."  and  ( b >  how  they 
may  compare  with  the  effects  known  to  occur  with  judgments  of  overall  stimulus 
duration. 

The  three  experiments  reported  in  this  study  sought  to  answer  these  questions.  The 
first  experiment  examined  judgments  with  synthetic  /ba/-/pa/  syllables  differing  in 
VOT.  The  second  experiment  examined  judgments  with  pure-tone  stimuli  consisting  of 
a  frequency  glide  plus  a  steady-state  tone.  Here  the  variable  of  interest  was  the 
duration  of  the  initial  transition.  The  third  experiment  examined  judgments  of  the 
identity  of  two  tones  containing  differences  in  the  duration  and/or  in  the  frequency  of 
one  tone  of  the  pair.  These  experiments  also  allow  us  to  examine  the  influence  of  the 
temporal  and  spectral  complexity  of  the  stimuli  on  the  TOE  effects. 


aThis  work  was  supported  by  grants  from  the  Natural  Sciences  and  Engineering  Research 
Council  and  the  Alberta  Heritage  Foundation  for  Medical  Research  (to  D.G.J  ) 
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Method 

Our  procedure  involved  a  “same-different”  task,  in  which  a  standard  stimulus  was 
selected  from  the  continuum,  then  followed  by  a  comparison  stimulus,  also  from  the 
continuum.  On  50%  of  the  trials,  the  standard  and  comparison  stimuli  w  ere  physically 
identical;  on  the  remaining  trials,  the  two  stimuli  differed  by  one  step  of  10  msec.  The 
10-msec  difference  could  consist  of  either  an  increment  or  a  decrement  in  VOT.  Thus, 
on  one-half  of  the  different  trials,  the  comparison  stimulus  was  longer  than  the 
standard  and  on  the  other  half,  it  was  shorter  than  the  standard.  The  task  required  the 
subject  to  indicate  whether  the  two  stimuli  presented  on  any  trial  were  "the  same."  or 
whether  they  were  “different,”  by  depressing  one  of  two  labeled  response  buttons. 
Stimulus  presentation,  response  collection,  and  all  aspects  of  timing  and  sequencing 
were  controlled  by  a  PDP1 1  /34  computer. 

During  testing,  the  subject  was  seated  comfortably  in  an  IAC  sound-attenuating 
chamber.  Stimuli  were  presented  to  the  right  ear  at  72  dB  SPL.  measured  by  a  Brue! 
and  Kjaer  type  2118  sound-level  meter,  coupled  to  a  type  4152  artificial  ear.  All  three 
subjects  had  normal  hearing,  and  previous  experience  listening  to  synthetic  speech. 

Subjects  served  for  a  total  of  four  140-trial  experimental  sessions.  Each  trial 
consisted  of  the  followed  sequence  of  events:  an  intertrial  interval  of  1000  msec 
preceding  the  first  stimulus;  the  presentation  of  the  first  stimulus;  a  silent.  400-msec 
interstimulus  interval;  the  presentation  of  the  second  (comparison)  stimulus:  a 
response  interval  of  4  seconds. 


Results  and  Discussion 

The  traditional  measure  of  the  time-order  effects  which  occur  in  duration 
comparison  situations  is  obtained  by  comparing  discrimination  scores  in  the  two 
presentation  orders:  “shorter,  longer”  (that  is.  when  the  shorter  duration  precedes  the 
longer),  denoted  (S,  L),  and  “longer,  shorter.”  denoted  (L,  S).  The  statistic.  TOE 
P(C |  L ,  5")  -  f’(C|5',  L),  is  zero  when  there  is  no  time-order  error.  It  is  greater  than 
zero  when  the  time-order  error  is  “positive."  and  less  than  zero  when  the  time-order 
error  is  “negative.” 

Since  our  interest  is  in  the  possibility  of  presentation  order  effects  with  these 
stimuli,  we  will  confine  our  analysis  to  the  time-order  error  index.  TOE  P(  C  /..  .S') 
/’(C'l.S.  /.),  where  L  indicates  the  longer  VOT  interval  (that  is.  more  pa-like  stimulus). 
S  indicates  the  shorter  VOT  interval  (that  is,  more  ba-like  stimulus),  and  ('  indicates 
that  the  correct  discrimination  (different)  was  made.  Thus,  P(C\I  .  .S')  indexes  the 
proportion  of  correct  responses  observed  w  hen  the  longer  duration  of  a  stimulus  pair 
was  the  first  presented. 

Fiot  Ri  2  presents  the  value  of  this  index  as  a  function  of  the  duration  of  the  longer 
VOT  of  the  pair  for  a  typical  subject.  A  clear  trend  is  apparent  in  the  data:  the  TOE 
index  is  uniformly  positive  for  durations  at  the  /ba/  end  of  the  continuum  That  is.  a 
comparison  VOT,  10  msec  shorter  than  the  standard  is  discriminated  better  than  a 
comparison  VOT  10  msec  longer  than  the  standard.  This  result  is  consistent  with  tile- 
notion  that  positive  time-order  errors  should  occur  w  hen  brief  durations  are  compared 
However,  the  TOE  index  decreases  regularly  with  increasing  VOT  duration,  becoming 
negative  with  the  longer  VOT  duration  at  the  /pa/end  of  the  continuum.  This  latter 
result  is  more  consistent  with  the  occurrence  of  assimilation  effects  than  with  positive 
TOEs. 

It  is  thus  clear  that  the  two  fundamental  presentation  order  effects  observed  when 
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EXPERIMENT  1:  PRESENTATION  ORDER  EFFECTS  WITH  SPEECH 
STIMULI  VARYING  IN  VOICE-ONSET  TIME 

In  articulatory  terms,  voice-onset  time  is  the  interval  of  time  separating  the  release  of 
the  stop  from  the  onset  of  vocal  cord  vibration.  Acoustically,  the  release  is  indicated  by 
a  brief  noise  burst,  and  vocal  cord  vibration  is  indicated  by  periodicity.  Synthetic 
consonant  vowel  syllables  varying  in  VOT  differ  in  terms  of  the  delay  between  onset  of 
the  burst  and  the  onset  of  the  periodicity.  For  “voiceless”  consonant-vowel  syllables 
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FIGURE  I.  The  seven  synthesized  speech  stimuli  used  in 
Experiment  1.  Stimuli  towards  the  left  have  brief  VOT 
values,  and  arc  heard  as  /ba/.  Stimuli  towards  the  right 
have  longer  VOT  values,  and  arc  heard  as  /pa/. 


»  ' 
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(CVs),  such  as  /pa/  and  /ta/,  voice-onset  time  values  may  reach  80  100  msec;  for 
“voiced”  CVs,  such  as  /ba/  and  /da/,  voice-onset  time  values  are  less  than  20  msec. 


Stimuli 

A  seven-stimulus  voice-onset  time  continuum,  ranging  from  /ba /  to  /pa/,  was 
synthesized  using  a  digital  speech  synthesizer’  implemented  on  a  PDPI1/34  The 
resulting  stimuli  are  presented  in  Figure  1. 
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overall  stimulus  duration  is  compared  are  also  observed  with  comparisons  of  only  a 
portion  of  a  complex  acoustical  stimulus.  First,  time-order  errors  occur  even  when  the 
perceptual  judgment  refers  to  the  duration  of  the  initial  events  of  a  longer  acoustic 
complex.  Second,  assimilation  effects  clearly  occur  in  such  a  situation.  As  well,  these 
results  indicate  that  speech  stimuli  are  susceptible  to  two  of  the  “nuisance"  variables  of 
psychophysics,  extending  a  result  established  with  a  selective  adaptation  speech 
paradigm.1 


EXPERIMENT  2:  DO  PRESENTATION  ORDER  EFFECTS  OCCUR  WITH 
ANALOGUES  TO  SPEECH  FORMANT  TRANSITIONS? 

The  results  of  the  previous  experiment  were  obtained  with  stimuli  that  were  both 
acoustically  complex  and  capable  of  inducing  a  phonetic  percept.  Experiment  2 


FIGURE  2.  The  time-order  error  index.  TOE  (PtC'l  /..  .S')  -  PtC'j.S', /.l|.  fora  typical  subiect. 
as  a  function  of  the  longer  VOT  duration.  In  each  case  stimuli  arc  adjacent  speech  stimuli  on  a 
synthesized  /ba  /  /pa/,  VOT  continuum.  Thus,  the  longer  duration  a  I  wavs  exceeds  the  shorter  b\ 
10  msec. 


eliminated  the  phonetic  component,  while  retaining  some  of  the  complex,  time-varying 
properties  of  speech  sounds.  To  accomplish  this,  we  used  stimuli  consisting  of  an  initial 
frequency  glide  followed  by  a  steady-state  portion,  which  resemb'ed  the  variations  in 
first-formant  center  frequency  of  a  /ba/  sound,  but  were  not  heard  as  speech  T  hese 
stimuli  also  have  potential  importance  because  such  frequency  transitions  cue  impor¬ 
tant  phonetic  distinctions  such  as  place  of  articulation  in  stop  consonants.”  \s  well, 
researchers  seeking  to  study  the  auditory  precursors  to  speech  perception  have  seized 
on  the  importance  of  sensitivity  to  frequency  transitions,  offering  evidence  that 
sensitivity  to  frequency  change  exists  in  distinct  “frequency  channels." 
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Stimuli 

The  stimuli  consisted  of  an  initial  frequency  glide  ranging  from  400  to  '00  H/. 
followed  by  a  steady-state  tone  of  550  H /.  The  stimuli  differed  in  terms  of  the  rate  of 
the  frequency  change  of  the  initial  glide  or.  equivalently,  in  transition  duration  The 
300- Hz  frequency  increment  occurred  over  20  msec  for  the  fastest  change,  and  over  so 
msec  for  the  most  gradual  change.  The  seven  stimuli  covered  this  range  in  10-msec 
steps  (that  is.  in  20.  30,  40.  50.  60.  70.  and  80  msec).  In  each  case,  the  steady -'lute 
portion  of  the  stimulus  was  adjusted  to  fix  overall  stimulus  duration  at  200  msec. 
Listeners  described  these  stimuli  as  “chirps"  or  "whistles";  they  were  not  heard  as 
speech-like  by  any  listener. 


Method 


The  testing  procedure  used  the  samc-dilferent  paradigm,  described  for  Experi¬ 
ment  I .  All  aspects  of  the  testing  situation  were  as  described  for  that  experiment. 


Results  and  Discussion 

The  TOE  index,  TOE  -  />(C'|  /...S')  P(C'i.S.  /.).  where  /.  indicates  the  stimulus 
with  the  longer  glide  duration  and  S  indicates  the  shorter  glide  duration,  was  computed 
for  each  stimulus  pair  and  plotted  as  a  function  of  the  duration  of  the  longer  glide. 
El(H  RE  3  shows  that  this  index  is  positive  for  the  three  briefest  glide  durations,  but  it 
becomes  negative  for  the  two  longer  glide  durations.  Improved  performance  i'  seen 
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GLIDE  FROM  400  -  700  HZ 

EICCRE3.  The  time-order  error  index.  TOE  [/’(('(  /..  .V)  P(('|.V.  /  )|.  !•  t  ,i  1  y p ! e  ; I  mi". eel. 

as  a  function  of  the  longer  glide  duration.  In  each  case  stimuli  are  pairs  of  complex  s  -unds.  each 
consisting  of  a  frequency  glide  from  400  to  700  II/,  followed  by  a  steady-stoic  pure  lone  a'  ''i 
11/  In  each  pair,  the  longer  glide  duration  exceeds  the  shorter  by  10  msec  Overall  stimulus 
duration  was  fixed  at  200  msec  in  each  case;  stimuli  towards  the  left  of  the  figure  have  more  i..p;d 
glides,  while  stimuli  towards  the  right  have  slower  glides. 


3SNidx3  1N3WNB3AOD  IV  G3JnGUdd3d 


JAMIESON  et  al TIMING  PERTURBATIONS 


TJ 

< 


UJ 

o 


0.5 

0.4- 

0.3 

0.2 

0.1  -I 

0.0 

-0.1 


A 


'  V  / 

'  \  / 

4  v  ' 

'  d 

/ 

i _ ea_ _ 32 — _ 35_ 


J00 


LONGER  DURATION 


FIGURE  4.  The  time-order  error  index,  TOE  =  [(r/'|  L.  S)  -  (^Is.  £.)],  where  /.  is  the  longer 
duration  of  the  pair.  .S'  is  the  shorter  duration,  and  ct  is  the  familiar  measure  of  discriminabi! it> 
Note  that  the  shorter  duration  is  fixed  at  80  msec  in  eaeh  case. 


when  the  second-presented  stimulus  was  the  more  extreme  of  the  pair  and  not  routinely 
w  hen  the  longer  duration  was  the  first  presented.  There  is  thus  little  or  no  evidence  for 
a  dominant,  or  even  important  positive  time-order  error.  Rather,  assimilation  appears 
to  be  the  major  effect  in  this  experiment. 

The  failure  to  find  a  substantial  positive  TOE  in  Experiment  2  limits  the  generality 
of  the  conclusions  of  Experiment  1 .  Positive  TOEs  may  thus  occur  under  two  types  of 
conditions:  in  comparisons  of  the  overall  duration  of  simple  stimuli,  and  in  comparisons 
of  the  duration  of  cues  occupying  a  portion  of  sufficiently  complex  stimuli.  In  this 
view,  the  stimuli  of  Experiment  2  would  be  insufficiently  complex:  a  further  experi¬ 
ment  using  still  simpler  “complex”  stimuli  would  not  show  positive  TOEs. 

The  consistent  occurrence  of  a  substantial  assimilation  effect  in  Experiments  1  and 
2  is  also  of  interest,  of  course.  Analyses  of  performance  with  speech  stimuli  and  w  ith 
speech-analogue  stimuli  rarely  examine  the  possibility  of  such  effects.  As  seen  here, 
however,  these  effects  can  be  substantial  in  magnitude,  resulting  in  differences  in  the 
proportion  of  correct  responses  of  as  much  as  40 '"r  between  presentation  orders. 
Assimilation  effects  accompany  the  use  of  a  substantial  stimulus  range,  however.  To 
eliminate  such  effects  in  Experiment  3.  we  restricted  the  overall  stimulus  range 
substantially,  relative  to  the  preceding  experiments. 


EXPERIMENT  3:  PRESENTATION  ORDER  EFFECTS  WITH  SPEECH 
ANALOGUES  TO  SPECTRAE/TEMPORAI.  FUSION 

Stimuli 

This  experiment  used  pairs  of  pure-lone  stimuli  which  (a)  were  identical  S0-mscc 
I  500-11/  sounds  or  (b)  differed  in  the  frequency  of  one  tone  and/or  in  the  duration  of 
the  other  tone.  Stimuli  were  generated  by  analogue  equipment  and  presented  at  "5  dB 
over  matched  and  calibrated  TDH-49  headphones. 


Method 

The  experimental  procedure  was  essentially  as  described  for  previous  experiments, 
except  that  the  interstimulus  interval  was  60  msec  and  the  two  conditions  in  which  (a  ) 
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the  first  tone  of  the  pair  could  be  incremented  in  duration  and  (b)  the  second  tone  of  the 
pair  could  be  incremented  in  duration  were  run  sequentially  as  different  experiments. 


Results  and  Discussion 

Performance  for  each  stimulus  in  the  two  experimental  conditions  was  first 
summarized  by  the d'  statistic.  The  TOE  index.  TOE  =  (d'  |  L.  .S')  ( d'  j  S'.  /. j.  where  1 

indicates  the  longer  duration  of  the  pair  and  S  indicates  the  shorter  duration  of  the  pair 
(which  was  fixed  at  80  msec),  and  d'  is  the  familiar  discrimination  measure  of  signal 
detection  theory,  is  presented  in  Figu  re  4.  It  is  clear  from  this  figure  that  discrimina¬ 
tion  scores  tend  to  be  higher  when  the  first-presented  duration  is  the  longer,  consistent 
with  the  expectation  based  on  explicit  duration-comparison  experiments. 


GENERAL  DISCUSSION 

The  present  experiments  show  that  positive  time-order  errors  and  or  assimilation 
effects  occur  when  brief-duration  stimuli  are  compared,  even  when  duration  is  but  a 
cue  in  part  of  a  complex  auditory  stimulus.  As  such,  these  results  have  potential 
implications  for  experimenters  whose  major  interest  is  far  removed  from  the  study  of 
timing  and  duration  perception.  Of  course,  since  these  results  suggest  that  such 
phenomena  arc  by  no  means  unique  to  the  explicit  duration-comparison  situation,  they 
may  be  considered  encouraging  to  traditional  duration-perception  research. 
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The  external  environment  contains  a  vast  variety  of  energies  which  organisms  may 
detect  with  specialized  receptor  organs.  Beyond  these  highly  specific  sensory  systems, 
however,  organisms  may  perceive  properties  of  single  and  multiple  stimuli  that  are  in 
some  measure  independent  of  the  particular  form  of  energy  that  is  acting  upon  the 
sensory  receptor. 12 

For  instance,  consider  a  patch  of  colored  light  projected  on  a  nickel-sized  disk  A 
pigeon  may  readily  discriminate  the  hue,  brightness,  and  shape  of  the  patch.  It  may 
also  discriminate  how  long  the  light  has  remained  on.  To  the  extent  that  duration  is  a 
discriminate  property  of  the  visual  stimulus  for  the  bird,  we  have  reason  to  believe 
that  the  pigeon  would  similarly  discriminate  the  duration  of  nonvisual  stimuli,  such  as 
sounds,  odors,  and  tastes.  In  short,  duration  is  a  property  of  every  sensory  stimulus. 
What  we  learn  about  duration  discrimination  in  one  modality  ought  to  hold  in  another 
modality  (for  a  possible  exception  see  Spetch  and  Wilkie*). 

Now,  consider  the  successive  presentation  of  a  pair  of  stimuli.  The  two  stimuli  mav 
either  be  the  same  or  different.  And,  if  they  are  different,  they  may  occur  in  one  of  two 
temporal  orders.  Of  course,  to  discriminate  whether  two  stimuli  are  the  same  or 
different  as  well  as  to  discriminate  the  temporal  order  of  two  nonidentical  stimuli, 
sensory  receptors  must  be  stimulated.  But  here  again,  we  expect  that  same-different 
and  temporal-order  discriminations  ought  to  occur  in  all  remaining  sensory  modalities, 
given  successful  demonstration  in  one.  In  fact,  same-different  and  temporal  order 
discriminations  are  so  general  that  they  ought  to  hold  across  as  well  as  within  all 
sensory  systems. 

Our  interest  in  duration  and  temporal  order  discrimination  has  prompted  a  series  of 
experiments  using  operant  conditioning  techniques  and  pigeon  subjects.  This  work  has 
persuaded  us  that  pigeons  very  ably  discriminate  these  features  of  visual  stimuli  In 
addition,  by  inserting  delays  between  the  discriminative  stimuli  and  the  performance 
test,  we  have  traced  the  retention  of  these  discriminations  over  the  course  of  several 
seconds.  Duration  and  temporal  order  are  thus  both  discriminate  and  remembcrable 
stimulus  properties  for  our  avian  subjects. 


TEMPORAL  ORDER 

Our  investigations  into  temporal-order  discrimination4  h  were  initially  inspired  b>  the 
aim  of  definitively  demonstrating  control  over  behavior  by  this  aspect  of  two 
nonidcntical  stimuli.  As  we  pondered  the  problem,  several  possible  paradigms  fell  short 
of  our  goal.  Suppose,  for  example,  that  as  stimulus  pairs  we  were  to  use  colored  key 
lights  ordered  orange  green  and  green -orange.  Were  w  e  to  reinforce  the  pigeon's  kc> 
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pecks  to  a  vertical-line  test  stimulus  after  orange-green  pairs  but  not  to  do  so  after 
green  -orange  pairs,  we  would  expect  test-key  pecking  in  the  first  case  to  exceed  that  in 
the  second.  But  would  we  have  clearly  shown  that  stimulus  order  was  the  critical  aspect 
of  the  stimulus  pairs  that  was  the  basis  for  the  bird's  discrimination  ?  No.  The  problem 
here  is  that  selectively  attending  to  either  the  first  or  to  the  second  color  of  the  pair 
would  be  suHicicnt  for  the  pigeon  to  respond  discriminate!)  on  orange  green  and 
green-orange  trials:  for  instance,  to  peck  the  vertical  line  if  the  second  color  was  green, 
but  not  if  it  was  orange. 

One  solution  to  this  difficulty  would  be  to  intermix  orange-orange  and  green-green 
pairs  with  trials  involving  orange- green  and  green-orange  pairs.  As  before,  pecks  to 
the  vertical-line  test  stimulus  would  result  in  food  only  after  orange  green  pairs.  But 
now.  selective  attention  to  either  the  first  or  to  the  second  color  of  the  pair  would  fail  to 
provide  the  bird  with  a  basis  for  accurate  discriminative  responding. 

F.ven  with  these  modifications,  pigeons  can  learn  to  respond  at  high  rates  on 
orange  green  tests  and  at  low  rates  on  green-orange,  orange-orange,  and  green  green 
tests  (sec  experiments  1  an  2  in  Weisman  el  al ,h  for  such  data  with  slightly  different 
visual  stimuli).  This  performance  clearly  indicates  that  a  sequence  of  two  colors 
presented  in  a  specific  temporal  order  can  acquire  discriminative  control  over  a 
pigeon’s  behavior.  Yet  there  is  still  a  means  by  which  the  pigeon  could  respond 
‘discriminative!)'  during  the  test  periods  and  have  no  direct  access  to  the  identities  of  the 
prior  color  stimuli  or  to  their  temporal  order.  The  bird  might  simply  peck  the  key  if  the 
first  color  were  orange  and  continue  to  peck  into  the  test  if  the  second  color  were  green; 
if  the  first  color  were  green  or  the  second  color  were  orange,  the  bird  might  become 
unresponsive  or  direct  its  behaviors  away  from  the  response  key.  Stepw  ise  discrimina¬ 
tion  of  this  sort  may  well  alford  the  pigeon  a  simple  mode  of  solving  this  complex 
task. 

A  basic  problem  with  the  second  discrimination  task  is  then  that,  because  only  the 
orange  green  sequence  is  associated  with  reinforcement,  the  reversely  ordered  green 
orange  sequence  can  potentially  be  discriminated  as  involving  nonreinforcement  as 
soon  as  green  is  presented  as  the  first  color.  Therefore,  there  is  no  assurance  that  the 
pigeon  attends  to  both  colors  in  a  sequence  and  then  responds  differentially  to  the  test 
stimulus  on  the  basis  of  the  temporal  order  of  the  preceding  color  pair. 

Our  solution  to  this  problem  was  to  devise  the  task  outlined  in  T \Bl  t  1 .  This  task  is 
a  variant  of  a  delayed,  go/no-go  conditional  discrimination.'  1  Here,  orange  green 
and  green  orange  stimulus  orders  are  associated  with  either  reinforcement  or  nonrein¬ 
forcement.  depending  upon  which  of  two  line  orientations,  vertical  or  horizontal,  is 


i  \bi.k  i.  Procedure  Used  in  the  Study  of  Temporal  Order  Discrimination 


Trial  Sequence 


Interitem 


Trial 

Color  1 

Interval 

Color  2 

Type 

(2.0  see) 

(0.5  sec) 

(2.0  sec) 

A  A 

Orange 

Orange 

Bit 

Orange 

Orange 

AB 

Orange 

(ireen 

BA 

Orange 

(ireen 

BA 

(ireen 

Orange 

AB 

(ireen 

Orange 

BB 

(ireen 

(ireen 

A  A 

(ireen 

(ireen 

Retention 

Test 

Trial 

Intertrial 

Interval 

Stimulus 

Outcome 

Interval 

(0.5  sec) 

(5.0  sec) 

(2.5  sec) 

1 1  '.<)  sec) 

Vertical 

Blackout 

Horizontal 

Blackout 

Vertical 

Food 

Horizontal 

Blackout 

Vertical 

Blackout 

Horizontal 

1  ood 

Vertical 

Blackout 

Horizontal 

Blackout 
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■  IftO  31 


BIRD  33 


FIGURE  I.  Relative  rates  of  responding  on  AB .  BA.  AA.  and  BB  test  trials  as  a  function  of  4-dav 
blocks  of  training.  Relative  response  rates  were  calculated  by  dividing  a  given  test  rate  of  response 
by  that  obtained  on  AB  test  trials.  (Modified  from  Weisman  et  al.h) 


presented  as  the  test  stimulus.  As  can  be  seen  in  Tablf.  1,  when  an  orange-green  pair  is 
followed  by  a  vertical  line  or  a  green-orange  pair  is  followed  by  a  horizontal  line 
(designated  as  AB  trials  in  the  first  column),  pecking  to  the  test  stimulus  is  reinforced 
by  food.  Alternatively,  when  an  orange-green  pair  is  followed  by  a  horizontal  line  or  a 
green  orange  pair  is  followed  by  a  vertical  line  (designated  as  BA  trials),  pecking  to 
the  test  stimulus  is  followed  by  blackout.  Thus,  the  order  of  color  pairs  associated  w  ith 
reinforcement  is  conditional  upon  the  lest  stimulus.  This  conditionality  sought  to 
require  the  bird  to  remember  the  order  of  the  colors  until  the  test  stimulus  was 
presented,  because  a  particular  order  of  the  two  nonidentical  colors  could  not  be 
discriminated  as  reinforced  or  nonrcinforced  until  that  time.  Note,  however,  that  the 
conditionality  held  only  for  trials  involving  nonidentical  colors;  trials  involving  pairs  of 
identical  colors  never  entailed  reinforcement.  Here,  AA  and  BB  refer  to  trials  with 
identical  colors  in  which  the  prevailing  color  corresponds,  respectively,  to  the  first  or  to 
the  second  item  of  AB  trials  for  a  particular  test  stimulus. 


Discrimination 

To  examine  the  acquisition  of  discriminative  responding  under  the  procedures  of 
Tabu:  I.  four  pigeons  were  trained  for  60 days,  with  key  pecking  separately  recorded 
on  AB.  BA.  A  A.  and  BB  tests.  Daily  sessions  comprised  80  trials,  with  each  of  the  eight 
possible  sequences  occurring  randomly  and  cquiprobably.  Fk;i  Rl  I  (from  experiment 
3.  replication  1  of  Weisman  et  al.')  plots  responding  on  all  trial  types  relative  to 
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responding  on  AB  trials,  over  successive  4-day  blocks  of  training.  Such  a  depiction,  of 
course,  means  that  scores  on  AB  trials  always  equal  1 .0. 

In  general,  discrimination  training  resulted  in  a  gradual  reduction  in  erroneous 
responding  on  nonreinforced  test  trials  (BA.  AA.  and  BB ),  although  the  performance 
of  bird  41  deteriorated  from  its  prior  high  level  near  the  end  of  training  As  to  the 
relative  rates  of  discriminating  reinforced  from  nonreinforced  trial  t\pes,  If  trials 
were  most  readily  discriminated  from  AB  trials;  BA  and  BB  trials  were  discriminated 
from  AB  trials  with  greater  difficulty.  Furthermore,  whereas  carls  in  training 
erroneous  responding  on  BB  tests  equalled  and  sometimes  exceeded  responding  on  BA 
tests,  later  in  training  erroneous  responding  on  BA  tests  usually  exceeded  that  on  BB 
tests. 

Clearly,  even  under  the  demanding  procedure  that  we  devised,  pigeons  were  able  to 
discriminate  a  recently  presented  pair  of  nonoverlapping,  nonidentical  color  stimuli 
from  (a)  the  same  two  colors  presented  in  the  opposite  temporal  order  and  (b)  stimulus 
pairs  comprising  two  identical  colors. 

The  pattern  of  differential  responding  over  the  course  of  training  suggests  that  final 
performance  followed  mastery  of  two  discriminations.  First,  responding  appeared  to  be 
based  mainly  on  the  second  color  of  the  pair  and  its  relationship  to  the  line  orientation 
test  stimulus.  Although  both  A  and  B  colors  consistently  preceded  the  test  stimuli  on 
reinforced  trials.  S-tcst  associations  exerted  stronger  control  over  differential  respond¬ 
ing  than  did  ,4-test  associations;  thus,  response  rates  on  AB  and  BB  tests  initially 
exceeded  those  on  BA  and  A  A  tests.  Second,  the  birds  successfully  distinguished  AB 
trials  from  all  others.  Correlated  with  this  discrimination  was  a  tendency  for  erroneous 
responding  on  BA  tests  to  exceed  that  on  AA  and  BB  tests.  This  result  may  be  due  to 
the  subjects’  discriminating  trials  with  identical  colors  from  those  with  nonidentical 
colors;  only  the  latter  could  eventuate  in  food  reinforcement. 


Retention 

Given  clear  evidence  of  stimulus-order  discrimination,  we  were  interested  in  seeing 
how  long  such  information  could  be  retained.  Studies  of  short-term  memory  in  the 
pigeon  using  either  choice1’  or  go/no-go'3  procedures  typically  disclose  that  discrimi¬ 
native  performance  is  a  negative  function  of  the  sample-test  retention  interval.  Here, 
we  were  concerned  with  determining  whether  a  similar  loss  of  discriminative  control 
would  also  be  observed  in  our  delayed  temporal-order  discrimination.  In  particular,  the 
possibility  of  the  pigeon's  discriminating  the  nonoccurrence  of  reinforcement  after 
pairs  of  identical  colors  made  it  likely  that  a  rather  different  retention  function  would 
be  observed  following  these  color  pairs  than  after  pairs  of  nonidentical  colors,  in  w  hich 
either  reinforcement  or  nonreinforcement  were  equiprobable  outcomes. 

Three  of  the  pigeons  (birds  31.  33.  and  41)  continued  in  this  investigation.  Daily 
sessions  comprised  96  trials,  1 2  randomized  blocks  of  the  eight  possible  trial  sequences 
shown  in  Table  1.  The  first  16  trials  in  each  session  were  warm-up  trials,  and  the 
retention  interval  here  was  always  0.5  sec;  the  duration  of  the  retention  interval  for  the 
final  80  trials  was  varied  between  sessions.  Retention  intervals  of  0.5,  1.0,  2.0  and  4.0 
sec  were  randomly  presented  within  4-day  blocks  for  16  days.  Bird  41  subsequently 
received  16  additional  daily  sessions  with  retention  intervals  of  0.5.  4.0.  8.0.  and  1 2.0 
sec. 

The  top  portion  of  Figure  2  shows  that,  at  the  shortest  retention  interval  of  0.5  sec. 
all  three  pigeons  discriminated  reinforced  from  nonreinforced  trials;  response  rates  on 
BA.  BB.  and  A  A  tests  were  all  less  than  half  the  rate  on  AB  tests.  Again,  response  rates 
were  generally  ordered  AB  >  BA  >  BB  >  AA.  This  ordering  is  consistent  with  the 
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birds’  discriminating  both  identical  from  nonidentical  color  pairs  (AB  +  BA  >  BB  - 
AA)  and  earlier  from  later  items  in  reinforced  color  pairs  (AB  +  BB  >  BA  +  AA). 
Increasing  the  retention  interval  from  0.5  to  4.0  sec  substantially  disrupted  discrimina¬ 
tive  performance  on  BA  trials;  however,  on  BB  and  AA  tests  relative  response  rates 
remained  at  or  below  0.4  of  the  rate  on  AB  tests. 

The  generally  poorer  discrimination  on  BA  than  on  BB  and  A  A  trials  at  the  shortest 
retention  interval  plus  the  greater  loss  of  stimulus  control  on  BA  than  on  BB  and  AA 
trials  as  the  retention  interval  was  lengthened  are  results  consistent  with  different 
discriminative  and  retentive  processes  operating  on  trials  with  identical  and  nonidenti¬ 
cal  color  pairs.  Further  support  for  this  proposal  is  given  in  Table  2.  This  table  shows 
the  rate  of  key  pecking  of  each  pigeon  to  both  color  items  during  each  of  the  eight 


FIGURE  2.  Relative  rates  of  responding  on  AB.  BA.  AA.  and  BB  lest  trials  as  a  function  of  the 
retention  interval. 


possible  color  pair-test  sequences  at  the  0.5-sec  retention  interval.  Two  trends  can  be 
discerned.  First,  on  trials  with  nonidcntical  colors,  responding  to  the  second  item 
exceeded  that  to  the  first.  Second,  and  more  pertinent  to  the  present  issue,  response 
rates  during  the  second  color  were  much  lower  when  it  was  the  same  as  the  first  than 
when  the  two  colors  were  different.  Thus,  the  pigeons  did  indeed  discriminate  identical 
from  nonidcntical  colors  during  presentation  of  the  second  item  of  the  pair. 

Discrimination  of  impending  nonrcinforcemcnt  during  the  second  color  on  I  f  and 
BB  trials  could  be  of  considerable  importance  in  understanding  why  little  or  no  loss  in 
discriminative  control  was  observed  here  compared  with  that  of  BA  trials.  Were  it 
easier  for  pigeons  to  remember  the  expectancy  of  nonrcinforcemcnt  (on  BB  and  I  f 
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tabi.i:  2.  Mean  Rate  of  Key  Pecking  (Pecks  per  Sec)  during  Color  I  and  Color  2 
of  Each  Color  Pair-Line  Combination  at  the  0.5-Sec  Retention  Interval  for  Bird's 
31,  33,  and  41 


Color  Pair  Line  Combinations 


Bird  31 

o-o-v 

O-G-V 

G-O-V 

G-G-V 

O-O- H 

O-G-H 

G-O-H 

G-G-H 

Color  1 

2.16 

2.08 

2.09 

2.03 

2.25 

2.20 

2  08 

:  24 

Color  2 

0.82 

2.67 

2.7. S 

0.72 

062 

2.73 

2.25 

0.3“ 

Bird  33 

Color  1 

1.43 

1.13 

1.33 

1.73 

1.59 

1.79 

1.3S 

1.79 

Color  2 

0.19 

2  .OX 

2.28 

0.39 

0.30 

2.14 

2.25 

0.48 

Bird  41 

Color  1 

0.57 

0.45 

0.60 

0.54 

0.63 

0.23 

0.67 

0.47 

Color  2 

1.04 

1.65 

1.40 

1.02 

1.18 

1.64 

1.63 

0.93 

Noti Italicized  rates  denote  responding  to  color  2  on  trials  involving  nonidentical  stimuli. 

Abbreviations:  O  orange:  G  -  green;  V  -  vertical;  H  -  horizontal. 

trials)  than  the  order  of  presentation  of  earlier,  nonidentical  colors  (on  AB  and  BA 
trials),  then  the  present  results  would  have  a  plausible  explanation. 14 

Recall  that  bird  41  received  an  extra  test  series  with  0.5-,  4.0-.  8.0-.  and  1 2. 0-sec 
retention  intervals.  The  bottom  portion  of  Figure  2  again  shows:  fairly  accurate 
discrimination  of  stimulus  order  at  the  shortest  0.5-sec  retention  interval:  loss  of 
discriminative  control  on  BA  trials  when  the  retention  interval  reached  8.0  and  12.0 
sec;  and  no  loss  of  discriminative  control  on  BB  and  AA  trials,  even  at  the  12.0-sec 
retention  interval. 

We  now  knew  that  increasing  the  retention  interval  between  the  second  color  item 
and  the  test  stimulus  impaired  the  discrimination  between  prior  AB  and  BA  orders,  but 
had  little  effect  upon  the  discrimination  of  prior  AB  from  A  A  and  BB  orders.  If  such 
different  retention  results  arc  indeed  due  to  different  memory  processes  operating  after 
the  birds  discriminate  identical  from  nonidentical  color  pairs,  then  varying  the 
intcritem  interval — which  elapses  before  this  same -different  discrimination  can  take 
place  should  not  differentially  affect  performance  on  nonreinforced  trials  involving 
identical  and  nonidentical  color  pairs.  Our  final  experiment  in  this  series  examined  the 
issue  by  systematically  varying  both  the  interitem  and  the  retention  interval  in  a 
within-scssions  design. 

Two  other  pigeons  with  earlier  experience  in  a  related  temporal-order  task'  were 
first  pretrained  on  the  problem  shown  in  Tabi  f  I .  The  experimental  phase  of  training 
was  conducted  in  3-day  blocks:  one  session  of  baseline,  one  session  of  interitem  interval 
manipulation,  and  one  session  of  retention  interval  manipulation.  The  baseline  session 
was  the  first  day  of  each  block;  the  intcritem  interval  and  retention  interval  manipula¬ 
tion  sessions  were  presented  on  the  second  and  third  days  of  each  block  w  it h  the  order 
of  their  occurrence  reversed  in  each  successive  3-day  block.  The  experimental  phase 
lasted  24  days. 

Each  session  of  experimental  training  comprised  90  trials.  Baseline  sessions 
entailed  12  randomized  blocks  of  the  eight  sequences  outlined  in  T \bi  i  I.  with  the 
intcritem  and  retention  intervals  set  at  0.5  sec.  The  first  32  (warm-up)  trials  of 
intcritem  interval  manipulation  sessions  and  retention  interval  manipulation  sessions 
were  identical  to  baseline  sessions.  The  final  64  trials  comprised  two  randomized 
blocks  of  32  trials,  with  each  of  the  eight  stimulus  sequences  combined  with  each  of 
four  values  of  the  intcritem  interval  or  the  retention  interval:  0.5.  1 .0.  2.0.  and  4  u  see. 
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The  primary  behavioral  measure  was  the  rate  of  key  pecking  during  the  test 
stimuli,  recorded  separately  for  each  main  trial  type  ( AB ,  BA,  AA,  and  BB).  For  the 
final  64  trials  of  interitem  interval  manipulation  sessions  and  retention  interval 
manipulation  sessions,  response  rates  were  also  calculated  separately  for  each  interval 
value.  Mean  response  rates  were  obtained  over  the  eight  sessions  of  each  of  the  two 
interval  manipulations,  and  relative  rates  were  calculated  by  dividing  rates  on  all  trial 
types  by  rates  on  AB  trials.  (Data  from  the  baseline  sessions  were  not  scored  since  each 
session  of  experimental  training  included  trials  on  which  the  interitem  and  retention 
intervals  were  both  set  equal  to  0.5  sec.) 

Relative  response  rates  of  both  birds  on  all  trial  types  are  shown  in  Figure  3  as  a 
function  of  the  interitem  interval  (top  portion)  and  the  retention  interval  (bottom 
portion).  Increasing  the  retention  interval  again  led  to  a  notable  loss  of  discriminative 
control  on  BA  trials  and  to  a  much  smaller  loss  on  A  A  and  BB  trials.  Bird  12  showed  no 
difference  in  responding  after  AB  and  BA  orders  at  retention  intervals  of  1 .0  sec  or 
more,  whereas  bird  42  discriminated  between  prior  AB  and  BA  orders  out  to  a  2.0-sec 
retention  interval. 

Unlike  the  differential  effects  of  retention  interval  manipulation  on  discriminative 
responding,  increasing  the  interitem  interval  over  the  same  range  of  values  led  to  a 
similar  loss  of  discrimination  on  BA,  AA,  and  BB  trials.  For  neither  bird  did 


Bird  12  BlRD  42 


0  12  3  4  0  12  3 

INTERlTEM  INTERVAL  (SEC) 


RETENTION  INTERVAL  (SEC) 


FIGURE  Relative  rates  of  responding  on  AB,  BA.  .4.4,  and  BB  test  trial'  a>  a  function  of  t 
interitem  interval  (top)  and  the  retention  interval  (bottom) 
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performance  on  BA  trials  worsen  more  than  on  AA  and  BB  trials.  These  results  thus 
confirm  our  suspicion  that  only  after  presentation  of  the  second  color  item  do  different 
memory  processes  mediate  performance  on  same-color  and  different-color  trials  when 
the  retention  interval  is  lengthened.  Because  our  pigeons  could  not  know  in  advance 
whether  the  second  color  item  would  be  the  same  as  the  first,  increasing  the  interitem 
interval  had  equivalent  effects  on  all  nonreinforced  trial  types. 


DURATION 

That  animal  behavior  can  be  controlled  by  the  passage  of  time  is  obvious  w  hen  one 
considers  the  patterns  of  responding  that  are  supported  by  temporal  schedules  of 
reinforcement.1'  As  noted  by  Catania,"’  however,  such  evidence  fails  to  isolate  the 
temporal  interval  being  discriminated  from  the  subject's  ongoing  stream  of  behavior. 
In  order  to  be  completely  confident  in  the  subject’s  discriminating  two  or  more 
stimulus  durations,  it  is  necessary  to  separate  the  discrimination  phase  of  performance 
from  the  report  phase. 

One  rather  popular  procedure  adopting  this  line  of  attack  proceeds  as  follows: 
After  pecking  a  white  warning  signal,  the  pigeon  is  exposed  to  one  of  two  different 
durations  of  a  red-lighted  key.  Following  key  light  offset,  two  side  keys  are  made 
available  to  the  pigeon,  with  left  key  choices  reinforced  after  one  duration  and  right 
key  choices  reinforced  after  the  other  duration.  If  the  pigeon  were  to  respond 
discriminative^  after  the  two  stimulus  durations,  we  would  have  evidence  that 
duration  is  functioning  as  a  discriminative  dimension  of  the  pigeon's  environment. 

But  just  how  good  is  this  evidence?  At  least  one  behavioral  strategy  can  solve  this 
problem  without  requiring  the  pigeon  to  discriminate  each  of  the  programmed  stimulus 
durations.  Suppose  that,  after  pecking  the  warning  signal,  the  bird  stands  in  front  of 
the  choice  key  affiliated  with  the  shorter  stimulus  duration.  If  the  stimulus  light  offsets 
before  some  critical  time  value  is  reached,  the  pigeon  will  peck  that  key.  If.  however, 
the  critical  time  value  is  reached  before  the  light  offsets,  the  pigeon  moves  to  the  other 
choice  key,  thus  predisposing  the  bird  to  making  a  correct  response  before  the  longer 
time  value  has  even  elapsed. 

One  wav  to  remedy  this  shortcoming  is  to  present  two  visually  distinctive  stimuli  on 
the  choice  keys  and  to  vary  their  spatial  location  from  trial  to  trial.  If  selection  of  one 
test  stimulus  were  correct  after  the  shorter  interval  and  selection  of  the  other  test 
stimulus  were  correct  after  the  longer  interval,  then  accurate  test  performance  would 
require  the  subject  to  attend  to  both  stimulus  durations — in  their  entirety  This 
technique  was  employed  by  Stubbs1’;  it  supported  orderly  discriminative  performance 
by  pigeons. 

Our  ’own1*  method  of  separating  temporal  discrimination  from  the  performance 
table  ,v  Procedure  Used  in  the  Study  of  Duration  Discrimination 
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FIGURE  4.  Overall  temporal  dis¬ 
crimination  ratios  as  a  function  of 
6-day  blocks  of  training.  Discrimi¬ 
nation  ratios  were  calculated  by 
dividing  the  rate  of  response  on 
reinforced  trials  by  the  combined 
rate  of  response  on  reinforced  and 
nonreinforced  trials. 


t  2  3  4  5  6 

6-DAY  BLOCKS 


test  used  the  task  shown  in  Table  3.  Here,  pecking  responses  to  a  vertical  line  test 
stimulus  were  reinforced  after  2.0  sec  of  red  key  illumination,  but  not  to  a  line  test 
stimulus  slanted  60  degrees  from  vertical:  conversely,  responses  to  the  slanted-line  test 
stimulus  were  reinforced  after  1 6.0  sec  of  red  key  illumination,  but  not  to  a  vertical  line 
test  stimulus.  Here,  too,  discriminative  test  responding  would  have  to  be  based  upon 
the  subject’s  discriminating  the  full  durations  of  both  temporal  stimuli. 


Discrimination 

Two  birds  were  given  36  days  of  training  using  the  method  outlined  in  T  \ bi  t  3. 
Each  session  comprised  a  total  of  40  trials,  10  of  each  type  presented  in  random  blocks. 
From  the  rates  of  responding  on  reinforced  and  nonreinforced  test  trials,  an  overall 
discrimination  ratio  was  computed  that  divided  the  rate  of  response  on  reinforced  trials 
by  the  combined  rate  of  response  on  reinforced  and  nonreinforced  trials.  These  ratios 
are  depicted  over  6-day  blocks  in  Figure  4.  It  is  readily  apparent  that  discriminative 
performance  rose  from  a  chance  level  of  0.5.  ultimately  exceeding  a  ratio  of  O.s  lor 
both  birds.  As  in  our  earlier  work  on  the  temporal-order  problem,  discrimination 
learning  was  disclosed  by  a  decrease  in  erroneous  responding  on  nonreinforced  trials. 

In  order  to  get  a  fuller  picture  of  the  pigeons'  discriminative  capabilities,  the  initial 
temporal  problem  was  expanded  to  include  a  range  of  short  durations  (2  0. 4  0. 6.0.  and 
8.0  sec)  and  a  range  of  long  durations  ( 10.0.  12.0.  14.0,  and  16.0  sec). 1  Reinforcement 
was  available  on  short  vertical  and  long -slanted  trials;  reinforcement  was  not  avail¬ 
able  on  short  slanted  and  long  vertical  trials.  Training  lasted  96  days,  with  each  daily 
session  comprising  a  total  of  80  trials,  5  of  each  type  (8  durations  x  2  tests)  presented 
in  random  blocks. 

Figure  5  shows  discriminative  performance  portrayed  as  a  function  of  the  duration 
of  the  temporal  stimulus  over  the  final  24  days  of  training.  Discrimination  ratios  again 
compared  responding  on  reinforced  trials  to  responding  on  both  reinforced  and 
nonreinforced  trials,  but  here  at  each  of  the  eight  stimulus  durations.  Discrimination 
ratio  was  a  direct  function  of  distance  from  the  reinforcement  cutoff  of  '»  sec 
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FIGURE  5.  Temporal  diseriminatiun  ratios  as 
a  function  of  the  duration  of  the  temporal 
stimulus.  The  duration  cutoff  was  4  sec. 


Increasingly  different  time  values  were  thus  easier  for  pigeons  to  discriminate  than 
were  increasingly  similar  time  values.  Additionally,  each  bird  also  showed  a  trend  for 
the  short  segment  of  the  discriminability  function  to  begin  at  a  lower  level  and  to  rise 
more  rapidly  than  did  the  long  segment.  This  result  is  consistent  with  the  birds' 
overestimating  intermediate  durations  of  the  key  light  stimulus:  behaving  in  accord 
with  go/no-go  dispositions  appropriate  to  durations  a  bit  longer  than  those  actually 
given. 


Retention 

Having  determined  with  our  conditional  discrimination  procedure  that  pigeons 
discriminate  the  durations  of  key  light  stimuli  and  do  so  with  increasing  accuracy  the 
more  dissimilar  the  time  values,  we  were  interested  in  ascertaining  the  pigeons' 
short-term  memory  of  stimulus  durations.  To  accomplish  that  goal,  we  simply  inserted 
retention  intervals  between  offset  of  the  red  key  light  and  onset  of  the  vertical  or 
slanted-line  test  stimulus,  in  a  within-scssions  design.  If  pigeons  do  forget  the  prior 
duration  of  the  red  stimulus,  we  would  expect  discrimination  ratios  to  fall  as  the 
retention  interval  is  lengthened. 

Birds  2  and  3  continued  as  subjects.  Prior  to  the  phases  of  training  depicted  in 
Figure  6,  the  biius  received  extensive  training  with  a  new  set  of  duration  values:  the 
short  stimuli  were  1 .0,  2.0,  3.0,  and  4.0  sec  and  the  long  stimuli  were  5.0,  6.0,  7.0.  and 
8.0  sec.  Reinforcement  was  available  only  on  short-vertical  and  long  slanted  trials;  the 
other  trial  types  entailed  nonrcinforccment.  In  addition,  bird  2  received  training  with 
I.0-,  2.0-,  and  4.0-scc  retention  intervals,  and  bird  3  received  training  with  1 .0-.  2.0-. 
4.0-,  and  8.0-sec  retention  intervals  (see  DcLong1*  for  details). 

During  the  phases  depicted  in  Figure  6,  birds  2  and  3  received  120  dues  of 
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training.  For  bird  2.  daily  sessions  involved  48  trials,  1  of  each  possible  combination  <  3 
retention  intervals  x  8  durations  x  2  tests).  For  bird  3,  daily  sessions  involved  64  trials. 
I  of  each  possible  combination  (4  retention  intervals  x  8  durations  x  2  tests). 

Discriminative  performance  from  the  last  24  days  in  each  of  these  phases  is  show  n 
in  Figure  6.  Although  the  overall  performance  of  bird  2  was  poorer  than  that  of  bird  3. 
the  collective  pattern  of  results  was  quite  similar.  As  in  Figure  5.  discrimination 
improved  as  more  extreme  stimulus  durations  were  given.  Also  as  in  Figure  5.  the 
short  segment  of  the  discriminability  function  started  at  a  lower  level  and  was  steeper 
than  the  long  segment.  Finally,  and  most  germane  to  the  issue  of  short-term  memory, 
discrimination  was  a  strong  negative  function  of  the  retention  interval  separating  the 
duration  to  be  discriminated  and  the  subsequent  performance  test.  Thus,  like  other 
sensory  information,  the  duration  of  a  stimulus  becomes  increasingly  unlikely  to 
control  discriminative  performance  the  longer  it  has  been  since  stimulus  offset.  *  Vet 
even  at  a  retention  interval  of  16.0  sec,  we  found  measurable  control  over  behavior  by 
stimulus  duration. 

A  final  issue  to  be  considered  here  concerns  the  way  that  increases  in  the  retention 
interval  might  lead  to  a  worsening  of  control  by  prior  stimulus  duration.1'*  One  means 
involves  the  subject’s  forgetting  the  duration  of  the  red  key  light  as  the  time  since 
stimulus  offset  and  the  performance  test  is  lengthened.  Another  possibility  is  that 
subjects  are  basing  their  test  responding  on  the  passage  of  time  since  stimulus  onset; 
lengthening  the  retention  interval  ought  then  to  lead  to  poorer  discrimination  and 
responding  more  appropriate  to  long  stimulus  durations.  A  third  possibility  is  that 
subjective  estimates  of  stimulus  duration  decrease  as  the  retention  interval  is 
increased’";  subjective  shortening  will  then  lower  discriminative  performance  and 
support  responding  more  appropriate  to  short  stimulus  durations.  Scrutiny  of  Figi  ri  6 
reveals  that  lengthening  the  retention  interval  reduced  discrimination  scores,  but  did 
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H(.t  RE  6.  Tcmpor  al  discrimination  ratios  as  functions  of  the  duration  of  the  temporal  'to  .  .  as 
and  the  retention  interval  The  duration  cutolf  was  4.5  sec. 
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not  bias  performance  in  any  systematic  manner.  Thus,  the  latter  two  interpretations 
seem  not  to  have  been  supported  by  our  temporal  discrimination  data. 


CONCLUSIONS 

Conditional  discrimination  procedures  reveal  that  temporal  order  and  duration  can 
serve  as  discriminative  stimuli  for  pigeon  subjects.  Not  only  do  pigeons  respond 
discriminative^'  after  different  orders  of  two  nonidentical  stimuli  and  different 
durations  of  a  single  stimulus,  but  they  forget  this  information  if  the  performance  test 
is  delayed  for  several  seconds.  Discrimination  and  retention  of  temporal  order  and 
duration  suggest  that  pigeons  are  able  to  abstract  nonvisual  and  relational  properties 
from  simple  visual  stimuli. 
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Exposure  to  a  repeating  event  of  a  constant  duration  has  been  shown  to  influence  the 
judged  duration  of  subsequently  presented  test  events.  For  example,  adaptation  to  a 
4-sec  tone  results  in  the  shortening  of  the  judged  duration  of  a  subsequent!)  present 
2-scc  test  tone.'  This  duration  aftereffect  is  negative  in  that  the  judged  duration  of  the 
test  tone  is  in  a  direction  away  from  the  value  of  the  adaptation  duration.  Recently, 
negative  duration  aftereffects  which  are  contingent  on  the  pitch  of  the  tone  or  on  the 
temporal  order  of  presentation  of  two  events  have  been  reported.’ '  These  contingent 
duration  aftereffects  arc  reminiscent  of  the  contingent  aftereffect  discovered  by 
McCollough.4  Her  subjects  inspected  two  visual  patterns  that  alternated  ever)  few 
seconds.  Under  one  condition,  one  adaptation  figure  consisted  of  black  vertical  bars  on 
an  orange  background  and  the  other  adaptation  figure  consisted  of  black  horizontal 
bars  on  a  blue  background.  During  the  test,  the  subject  viewed  achromatic  patterns 
and  reported  that  the  achromatic  background  of  the  vertical  bars  appeared  bluish  and 
the  achromatic  background  of  the  horizontal  bars  appeared  orangeish  McCollough4 
argued  that  this  orientation-contingent  negative  aftereffect  could  be  understood  in 
terms  of  color  adaptation  of  orientation-specific  edge  detectors  and  she  interpreted  her 
result  as  psychophysical  evidence  for  neural  units  that  are  both  color-  and  orientation- 
specific.  While  selective  adaptation  of  neural  detectors  is  still  the  favored  explanation.’ 
there  arc  data  that  arc  supportive  of  an  associative  account.1' 

In  the  reports''*  of  contingent  duration  aftereffects  an  attempt  was  made  to  explain 
the  data  using  the  two  accounts  that  have  been  applied  to  the  McCollough  effect.  Both 
selective  adaptation  of  neural  detectors  and  associative  mechanisms  are  far  removed 
from  the  usual  theoretical  concepts  found  in  the  time  perception  literature.  The 
research  to  be  reported  questions  the  assumption  that  the  contingent  duration 
aftereffects  are  related  to  the  McCollough  effect. 

There  is  considerable  evidence  in  the  time  perception  literature  of  systematic 
“biases"  in  judgments  of  perceived  duration/  Duration  judgements  are  influenced  by 
such  nontcmporal  characteristics  of  the  duration  marker  as  energy,  complexity, 
modality,  and  whether  the  interval  is  filled  or  empty.  It  is  possible  that  the  contingent 
duration  aftereffects  are  yet  another  example  of  judged  duration's  being  influenced  b\ 
variables  in  addition  to  physical  duration. 

The  experiments  to  be  reported  compare  contingent  duration  aftereffects  with  the 
McCollough  effect.  A  number  of  studies  have  show  n  that  McCollough-typc  contingent 
aftereffects  last  for  days  and  even  weeks. '  One  purpose  was  to  study  the  persistence  of 
the  contingent  duration  aftereffects.  In  one  experiment  a  delay  was  introduced 
between  adaptation  and  test  and  its  effect  on  the  size  of  the  order-contingent  duration 


‘4This  research  was  supported  by  the  Natural  Sciences  and  Engineering  Research  Council  of 
Canada.  Some  of  the  data  reported  in  Experiments  3  and  4  were  presented  at  the  I  ‘>S0  meeting  of 
the  Psyehonomic  Society. 
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aftereffect  was  examined.  In  addition,  some  subjects  ran  multiple  sessions  under  both 
adaptation  conditions  so  that  the  persistence  of  the  aftereffects  over  sessions  could  be 
studied  and  the  aftereffects  for  individual  subjects  could  be  examined. 

For  McCollough-type  contingent  aftereffects,  whenever  the  perception  of  feature 
A  has  been  found  to  be  contingent  on  feature  B ,  the  perception  of  B  has  also  been  show  n 
to  be  contingent  on  A.  For  example,  judgment  of  color  is  contingent  on  line  orientation, 
on  spatial  frequency,  and  on  motion  direction;  and  judgment  of  line  orientation,  spatial 
frequency,  and  motion  direction  is  contingent  on  color.5  If  judgments  of  duration  can 
be  contingent  on  pitch,  one  might  expect  judgments  of  pitch  to  be  contingent  on 
duration.  Another  purpose  was  to  determine  whether  a  negative  pitch  aftereffect 
contingent  on  duration  could  be  demonstrated. 

A  magnitude  estimation  task  2  and  a  reproduction  task1  have  been  used  in  the 
studies  of  contingent  duration  aftereffects.  To  extend  the  generality  of  results,  another 
psychophysical  procedure,  forced-choice  discrimination,  is  tried. 


PROCEDURE 

One  hundred  twenty-five  undergraduates  at  McMaster  University  participated  as  part 
of  a  course  requirement.  In  addition,  data  were  obtained  from  six  paid  subjects  who  ran 
multiple  sessions. 

Stimulus  presentation,  recording  of  responses,  and  timing  were  controlled  either  by 
a  PDP  X/F.  computer  with  a  video  terminal  or  by  a  SuperPF.T.  Auditory  signals  were 
presented  binaurally  over  headphones.  A  Wavetek  Function  Generator  was  used  with 
the  PDP  X/F  to  produce  a  70-dB  pure  tone  signal.  Otherwise,  the  SuperPF.T's  tone 
generator  was  used. 

In  all  experiments  a  session  was  made  up  of  a  preadaptation  phase  and  three 
adaptation-test  sequences.  Preadaptation  and  test  consisted  of  discrimination  trials  \ 
trial  began  with  ri  M)Y  displayed  on  the  screen.  This  was  followed  by  a  pair  of  tones. 
To  insure  that  subjects  make  a  comparative  judgment  on  each  trial,  a  roving  standard 
design  was  used.  At  the  end  of  the  second  tone.  Respond  was  displayed  on  the  screen. 
The  subject  indicated  his  judgment  by  typing  a  /  or  a  2  on  the  keyboard.  During 
adaptation  the  subject  simply  listened  to  a  scries  of  tones. 


EXPERIMENT  1:  DURATION  CONTINGENT  ON  TEMPORAL  ORDER 

Method 

Forty  subjects  were  randomly  divided  into  four  groups  of  10  subjects  each 
Preadaptation  consisted  of  96  duration  discrimination  trials.  ready  was  displayed  for 
500  msec  and  I  sec  later  a  pair  of  364-H/  tones,  separated  by  400  msec,  was  presented 
The  two  tones  differed  in  duration  by  30  msec.  There  were  four  pairs  of  duration 
values:  330/360.  360/390.  390/420.  and  420/450.  Each  pair  was  presented  in  two 
orders,  short  followed  by  long  (SI.)  or  long  followed  by  short  t US).  Twenty  subjects 
were  asked  whether  the  longer  tone  occurred  first  or  second  ("long  instruction  "I  and 
20  were  asked  whether  the  shorter  tone  occurred  first  or  second  (“short  instruction”! 


^  Parts  of  Experiments  I  and  2  are  described  tn  a  BSc.  thesis  by  A  M  Maierosich'  at 
McMaster  l  diversity 
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The  subject  responded  by  typing  /  (for  first)  or  2  (for  second)  on  the  computer 
keyboard.  The  intertrial  interval  was  1.4  sec. 

During  adaptation  the  subject  listened  to  50  pairs  of  tones.  The  two  tones  in  a  pair 
were  separated  by  400  msec  and  pairs  were  separated  by  1 .4  sec.  One  tone  in  a  pair  w  a> 
200  msec,  the  other  was  600  msec.  For  10  subjects  under  each  instruction,  the  first  tone 
was  the  short  (short-long  adaptation);  for  the  remaining  10  subjects  under  each 
instruction,  the  first  tone  was  longer  (long-short  adaptation).  Thirty-two  duration 
discrimination  test  trials  immediately  followed  adaptation.  The  adaptation  test 
sequence  occurred  three  times  for  a  total  of  96  test  trials. 

Four  subjects  ran  repeat  sessions  under  similar  conditions.  The  difference  in 
duration  was  20  msec  and  only  the  long  instruction  was  used.  The  four  pairs  of  duration 
values  were  370/390,  390/410. 410/430.  430/450.  Two  subjects  (MG.  and  H.B.)  ran 
under  long  short  adaptation  and  then  under  short-long;  the  other  two  subjects  (IP 
and  D.K.)  received  the  adaptation  conditions  in  the  reverse  order.  The  number  of 
sessions  under  each  adaptation  condition  is  shown  in  Table  2. 


Results  and  Discussion 

The  probability  of  a  correct  duration  judgment  during  preadaptation  and  during 
test  is  present  in  Table  I  for  each  of  the  four  groups.  The  data  are  summarized  b\  the 
difference  between  two  conditional  probabilities,  known  as  the  lime-order  error 
(TOE): 

TOE  =  P(RLS\  LS)  -  P(Rsl\SL) 

where  P(Rts\LS)  is  the  probability  of  a  correct  response  to  the  l.S  order  and 
P(Rsl\SL)  is  the  probability  of  a  correct  response  to  the  SL  order.  Most  research  has 
indicated  that  for  brief  durations  TOE  is  positive  and  for  longer  durations  it  is 
negative."  Table  1  shows  that  for  all  four  groups  in  this  experiment.  TOE  is  positive 
during  preadaptation.  While  the  mean  size  of  preadaptation  TOF.  is  smaller  under  the 
short  instruction,  instruction  is  not  a  significant  variable  according  to  the  Mann 
Whitney  U  test  (V  -  1 59.5,  p  >  .05).  This  result  is  consistent  with  other  findings 
If  a  negative  duration  aftereffect  can  be  made  contingent  on  temporal  order,  then 
after  short-long  adaptation,  the  first  test  tone  presented  should  appear  longe- 
compared  to  preadaptation  judgments  and  the  second  presented  test  tone  should 
appear  shorter,  resulting  in  a  more  positive  TOE  in  test  than  preadaptation.  After 


table  i.  P(RIS\  LS),  P(Rs/\SL)  and  TOE:  Group  Data  from 


Experiments  1  and  2 

Adaptation 

Preadaptation 

Test 

Instruction  Condition 

P(R,s\ 

LS)  P(Rsl\SL) 

TOE 

Pi  RLS  |  LS  I 

/>(A\,  i-S/  i  KM 

Experiment  1 

Long  Long-short 

.73 

.62 

.11 

69 

71  n; 

Short-long 

.76 

.59 

.17 

.81 

42  '■') 

Short  Long  short 

.66 

.62 

.04 

.56 

’<)  14 

Short  long 

.67 

.59 

.08 

.74 

.45  2  i 

Experiment  2 

Long  Long-short 

.69 

.54 

.15 

.73 

N  "*  *, 

Short -long 

.76 

.63 

.13 

,79 

Mi  : ' 
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FIGURE  I.  Preadaptation  and  test  TOE 
in  Experiment  1  as  a  function  of  adapta¬ 
tion  condition.  The  data  are  shown  sepa¬ 
rately  for  each  instruction. 


INSTRUCTION 
LONG  SHORT 
LONG-SHORT  •  a 

ADAPTATION  SMORT-LONG 


PRE  TEST 


long-short  adaptation,  the  first  presented  test  tone  should  appear  shorter  compared  to 
preadaptation  judgments  and  the  second  presented  test  tone  should  appear  longer, 
resulting  in  a  less  positive  TOE  during  test  than  during  preadaptation.  Tabi  e  I  and 
Figure  1  show  these  predictions  to  be  supported  by  the  data.  For  30  of  the  individual 
subjects,  the  change  in  TOE  was  in  the  expected  direction:  19  in  the  short-long  groups 
and  1 1  in  the  long-short  groups.  A  x:  test  indicates  that  the  proportion  of  the  subjects 
showing  a  change  in  TOE  in  the  expected  duration  was  significant  (xf  =■  10.0.  p 
.005).  These  data  demonstrate  that  judged  duration  is  influenced  by  the  pair  of  stimuli 
presented  during  adaptation.  One  adaptation  condition  increases  the  size  of  the 
preadaptation  positive  TOE;  the  other  changes  the  preadaptation  positive  TOE  to  a 
negative  one. 

P(Ki.s  I  LS).  P(RSi  |  SL).  and  TOE,  averaged  over  all  sessions,  arc  shown  in  T  \bi  i 
2  for  each  of  the  four  repeat-session  subjects.  In  Figure  2.  preadaptation  and  test  TOE 
arc  plotted  for  each  adaptation  condition.  D.K.  is  the  only  subject  who  shows  no  effect 
of  adaptation.  For  the  other  three  subjects,  long  short  adaptation  results  in  a  more 
negative  TOE  during  test  than  during  preadaptation  and  short  long  adaptation  in  a 
more  positive  TOE.  Thus,  for  an  individual  subject.  TOE  can  be  made  more  positive  or 
more  negative  depending  upon  whether  the  subject  is  exposed  to  short  long  or 
long  short  pairs  of  durations. 

The  overall  probability  of  a  correct  duration  response,  regardless  of  the  presenta¬ 
tion  order,  is  also  shown  in  Table  2.  where 

P{C)  =  P(LS)P(Rls\LS)  +  P(SL)P(R„\SL). 

For  subject  H.B.,  P(C)  increases  from  preadaptation  to  test  under  both  adaptation 
conditions,  whereas  for  the  other  three  subjects,  P(C)  decreases  from  preadaptation  to 
test  under  both  adaptation  conditions.  Thus,  while  adaptation  has  a  differential  effect 
on  reports  about  perceived  duration,  here  measured  by  TOE,  adaptation  does  not 
differentially  alfcct  discriminability,  as  measured  by  P(C).  This  result  is  consistent 
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T.4BI.E  2.  P(Rls\lS),  P(Rsi\SL),  P(C)  and  TOE:  Repeat-Session  Subject  Data 
from  Experiment  I 


Adaptation 


Condition 

and 

Preadaptation 

Test 

Subject 

P(/C.s|/-V) 

P{R„\SL) 

P(C) 

TOE 

PiRjtS 

)  PiRstlSU 

Pi  O 

TOE 

Long-Short 

M.G.  (8)“ 

.70 

.77 

.75 

.07 

.62 

.82 

“*  A 

.20 

H.B.  (K)“ 

.64 

.55 

.60 

.09 

.57 

.66 

.61 

,0‘» 

I  P.  (8)" 

.66 

.59 

.63 

.07 

.48 

69 

.58 

21 

D.K.  17)" 
Mean 

.64 

.66 

65 

.02 

.02 

.61 

.63 

62 

.02 

.13 

Short  Long 

M.G.  (8) 

.80 

.71 

.76 

.09 

.85 

.55 

.70 

30 

H.B  (7) 

.56 

.59 

.57 

-.03 

.63 

.60 

.61 

O' 

I  .P.  (6) 

.59 

.55 

.57 

.04 

.67 

.45 

.56 

S  } 

D.K. (10) 
Mean 

.52 

.66 

.59 

-.14 

-.01 

.50 

.64 

5? 

14 

10 

Non  :  Number  of  sessions  under  each  adaptation  condition  is  shown  in  parentheses. 
“Received  the  long  short  condition  first. 

'’Received  the  short -long  condition  first. 


•  LONG-SHORT 
o  SHORT-LONG 

I  HB 


L _ 

PRE  TEST 


PRE  TEST 


• - • 

o— — — — o 

I _ 

PRE  TEST 


FICI  RE  2.  Preadaptation  and  test  TOE 
in  Experiment  I  as  a  function  of  adaptation 
condition.  The  data  are  shown  separate!), 
for  each  repeat-session  subject 
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with  other  findings  in  the  literature  that  variables  that  influence  reports  about 
perceived  duration  often  have  no  differential  effect  on  discriminability .' 

Preadaptation  TOP  is  shown  in  Figure  3,  separately  for  sessions  1  and  2  and  for 
sessions  (A'-l)  and  .V  (the  last  two  sessions).  If  the  order-contingent  duration 
aftereffect  showed  persistence  over  sessions,  one  would  expect  preadaptation  TOE  to 
become  more  negative  over  sessions  under  long  short  adaptation  and  more  positive 
over  sessions  under  short  long  adaptation.  Subject  L.P.  shows  this  pattern.  Subjects 
H.B.  and  D.K.  show  little  change  in  preadaptation  TOE  over  sessions,  and  M.(i  show-* 


FIGURE  3.  Preadaptation  TOE.  in  Experi¬ 
ment  I  shown  separately  for  early  and  late 
sessions.  Stippled  bars  represent  mean 
TOE  during  sessions  1  and  2  and  open  bars 
during  sessions  (N-l )  and  N.  The  pair  of 
bars  on  the  left  are  for  the  long  short 
condition  and  the  pair  on  the  right  arc  for 
the  short  long  condition. 


the  reverse  trend  under  the  long  short  condition.  These  data  suggest  that  the 
adaptation  effect  does  not  persist  over  sessions. 


EXPERIMENT  2:  PERSISTENCE  OF  THE  ORDER-CONTINGENT 
DURATION  AFTEREFFECT 

Method 

Twenty  subjects  were  randomly  divided  into  two  groups  of  10  subjects  each.  The 
method  was  similar  to  that  used  in  Experiment  1.  except  that  a  25-min  delay  was 
introduced  between  the  end  of  each  adaptation  period  and  the  beginning  of  test.  1  he 
subjects  remained  in  the  experimental  room  and  were  instructed  to  keep  the 
headphones  on.  Only  the  long  instruction  was  used. 
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Results  and  Discussion 

The  probability  of  a  correct  duration  judgment  during  preadaptation  and  during 
test  and  the  value  of  TOE  arc  presented  in  Table  1  for  each  adaptation  group.  As  in 
Experiment  1.  TOE  is  positive  during  preadaptation.  Overall,  there  is  no  change  in 
TOE  from  preadaptation  to  test  following  either  adaptation  condition.  In  the  long 
short  group  only  five  subjects  showed  the  expected  change  in  TOE  ( more  negative)  and 
in  the  short  long  group  only  four  subjects  showed  the  expected  change  in  TOE  (more 
positive).  These  data  suggest  that  the  influence  of  the  adaptation  condition  has 
disappeared  by  the  end  of  a  25-min  delay  period. 


EXPERIMENT  3:  Dl' RATION  CONTINGENT  ON  PITCH 

Method 

Thirty-four  subjects  were  randomly  divided  into  two  groups  of  17  subjects  each. 
Preadaptation  consisted  of  96  duration  discrimination  trials,  ready  was  displayed  for 
500  msec  and  I  sec  later  a  pair  of  tones,  separated  by  400  msec,  was  presented.  One 
tone  was  600  Hz.  the  other  900  Hz.  The  two  tones  also  differed  in  duration  by  35  msec. 
There  were  four  pairs  of  duration  values:  330/365.  365/400.  400/435.  and  435/470. 
Two  duration  orders  and  two  frequency  orders  resulted  in  four  events,  each  event 
occurring  24  times  in  the  96  trials.  The  subject  was  required  to  indicate  which  tone, 
first  or  second,  was  longer  by  typing  /  or  2  on  the  terminal  keyboard.  The  intertrial 
interval  was  2  sec. 

During  adaptation  the  subject  listened  to  two  alternating  tones,  with  a  400-msec 
interval  between  successive  tones.  Each  tone  was  presented  100  times.  For  the 
Lo/ L  Hi /S  group,  one  tone  was  presented  at  600  Hz.  for  600  msec  and  the  other  at  900 
Hz  for  200  msec;  for  the  Lo/S-Hi/L  group,  one  tone  was  presented  at  600  Hz  for  200 
msec  and  the  other  at  900  Hz.  for  600  msec.  Sixteen  discrimination  test  trials 
immediately  followed  adaptation.  The  adaptation-test  sequence  occurred  three  times 
for  a  total  of  48  test  trials. 

Six  subjects  ran  repeat  sessions  under  similar  conditions.  The  difference  in 
duration  between  the  two  tones  was  20  msec  and  the  four  pairs  of  duration  values  were 
370/390.  390/410,  410/430,  430/450.  The  intertonc  interval  and  the  intertrial 
interval  were  1  sec.  During  adaptation  each  tone  was  presented  50  times  with  a  1-sec 
interval  between  tones.  Thirty-two  discrimination  trials  followed  adaptation.  The  three 
adaptation -test  sequences  resulted  in  96  test  trials.  Three  subjects  (k.C  ..  D.K  .  and 
I.S.)  ran  under  LojL  Hi/S  adaptaton  and  then  under  l.o/S  Hi /l.:  the  other  three 
subjects  (EI.B.,  M.G..  and  E.P.)  received  the  adaptation  conditions  in  the  reverse  order. 
The  number  of  sessions  under  each  adaptation  condition  is  show  n  in  T  \bi  t  4. 


Results  and  Discussion 

The  probability  of  a  correct  duration  judgment  during  preadaptation  and  during 
test  is  presented  in  Table  3  for  each  adaptation  group.  The  data  are  organized  in 
matrices  where  the  rows  represent  duration  order,  short  followed  b\  long  (SI..)  or  long 
followed  bv  short  (I.S),  and  the  columns  represent  frequency  order,  low  followed  b\ 
high  (l.H)  or  hiah  followed  by  low  (HE).  The  negative  diagonal  of  the  preadaptation 
matrices  was  larger  than  the  positive  for  22  of  the  34  subjects  and  was  the  same  lor  4 
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subjects.  The  Wilcoxon  T  test  shows  the  sum  of  the  entries  along  the  negative  diagonal 
to  be  significantly  larger  than  the  sum  along  the  positive  diagonal  (  T  =  1 1 6.5.  n  50. 
p  <  .02).  These  data  indicate  that  short  low-pitched  tones  are  judged  shorter  than  short 
high-pitched  tones  and  that  long  high-pitched  tones  are  judged  longer  than  long 
low-pitched  tones.  This  dependence  of  duration  judgments  on  frequency  is  referred  to 
as  auditory  kappa  in  the  literature.13 14  In  the  remainder  of  this  paper  kappa  will  be 
defined  as: 

\P(RSi  jSLand  LH)  +  P(RIS  |  LS  and  HL)\ 

-  [P(Rst\SL  and  HL)  -  P(RU  |  LS  and  /.//)] 

If  a  negative  duration  aftereffect  can  be  made  contingent  on  pitch,  then  after 
Lo/S-Hi / L  adaptation,  low-pitched  tones  should  appear  shorter  and  high-pitched 
tones  should  appear  longer  during  test  than  during  preadaptation.  That  is.  kappa 
should  be  larger  after  adaptation.  The  data  in  Table  3  show  this  to  be  the  case  in  that 
the  difference  between  the  negative  and  positive  diagonals  is  greater  during  test  (.43) 
than  during  preadaptation  (.17).  For  the  Lo/S-Hi  / L  group,  low-pitched  tones  should 


TABLE  3.  Duration  Discrimination  Data  from  Experiment  3 


Preadaptation 

Test 

Adaptation 

Duration  Pitch  Order 

Duration 

Pitch  Order 

Condition 

Order 

LH 

HL 

Order 

LH  HL 

Lo/L  Hi/S 

SI. 

.74 

.63 

SL 

.80  .58 

IS 

.66 

.72 

LS 

.53  .74 

l.o/S  Hi/L 

SI. 

.72 

.64 

SL 

.60  62 

LS 

.61 

.71 

LS 

.77  .78 

Non  :  Each  entry  is  the  probability  of  a  correct  duration  response. 


appear  longer  and  high-pitched  tones  should  appear  shorter  during  test  than  during 
preadaptation.  That  is,  kappa  should  be  attenuated.  The  data  in  Tabi  i  3  show  this  to 
be  the  case  in  that  the  difference  between  the  two  diagonals  during  preadaptation  i  I  M 
is  eliminated  during  test  (  —  .01).  Of  the  34  subjects.  22  showed  performance  during 
test,  relative  to  preadaptation,  that  was  in  the  expected  direction  ( I  2  with  larger  kappa 
after  l.o/l.  Hi/S  and  10  with  reduced  kappa  after  Lo/S  Hi//.)  and  one  subject 
showed  no  change.  According  to  the  Wilcoxon  T  test  these  data  indicate  that  the 
adaptation  conditions  had  a  significant  differential  effect  on  performance  (7  142  5. 

n  33.  p  •.  .02).  One  adaptation  condition  increases  the  preadaptation  tendency  of 
judging  low-pitched  tones  as  relatively  short  and  high-pitched  tones  as  relatively  long: 
the  other  adaptation  condition  eliminates  this  tendency. 

The  probability  of  a  correct  duration  judgment,  averaged  over  all  sessions  under  a 
particular  adaptation  condition,  and  the  value  of  kappa  are  shown  in  Tun  I  4  for  each 
of  the  six  repeat-session  subjects,  lor  five  subjects  kappa  w.ts  increased  alter 
l.o/l.  Hi /S  adaptation  and  for  five  subjects  kappa  was  decreased  after  In  S  Hi  I 
adaptation.  The  data  averaged  over  the  six  subjects  show  the  same  patterns  .is  do  ilk- 
group  data  in  Tabi  t  3.  There  is  a  kappa  effect  during  preadaptation  kappa  i- 
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increased  from  .18  to  .30  bv  Lo/ L  Hi/S  and  kappa  is  decreased  from  12  t  •  <>6  b\ 

Lo/S-Hi/L. 

The  overall  probability  of  a  correct  response,  regardless  of  presentation  order  and 
pitch,  is  shown  in  Tabu  5  for  each  of  the  six  repeat-session  subjects  Adaptation 
condition  docs  not  have  a  systematic  effect  on  P(C)  across  subjects.  As  in  Experiment 
i.  while  adaptation  condition  has  a  differentia!  effect  on  reports  about  pcrcened 
duration,  here  measured  by  kappa,  adaptation  condition  does  not  differential!) 
influence  discriminabilily.  as  measured  by  P(C).  Again,  these  results  are  consistent 
with  other  findings  that  variables  that  affect  reports  about  perceived  duration  often  do 
not  influence  discriminability.K 

Preadaptation  kappa  is  shown  in  Fioi  Rt  4.  separately  for  sessions  I  and  2  and 
sessions  (A'-l)  and  ,Y.  If  the  pitch-contingent  duration  aftereffect  showed  persistence 


TABl.E  4.  Probability  of  a  Correct  Duration  Response  for  Each  of  the  F  our 
Stimulus  Events  and  the  Value  of  Kappa  for  the  Six  Repeat-Session 
Subjects  in  Experiment  3 


Adaptation 
Condition  and 

Preadaptation 

Test 

III 

HI. 

LH 

HI 

Subject 

SI 

IS 

SI. 

LS 

Kappa 

SI. 

LS 

SI 

IS 

Kapp. 

l.o/l.-Hi/S 

II  B  (6)" 

.77 

.39 

.73 

.55 

.20 

.76 

.44 

61 

.62 

32 

1  P  (H)J 

.63 

.56 

.45 

.69 

.31 

.59 

.51 

34 

,™s 

>2 

M  G  (X)" 

.63 

.81 

.76 

.69 

.26 

.60 

.SI 

.68 

80 

.08 

K.C.(7)’ 

.70 

.37 

.78 

.42 

.03 

.70 

26 

.62 

.49 

.M 

I)  k  (7E 

.87 

.54 

.68 

.76 

.41 

.81 

.48 

63 

.'6 

4' 

I  S.  (7)A 

Mean 

.74 

.43 

.53 

.67 

.45 

.18 

.70 

.39 

.6' 

.63 

26 

A0 

Lo/S-Hi/L 

H  R  (X) 

.64 

.53 

65 

.52 

-  .02 

.60 

.5N 

.67 

.52 

14 

I  P  (9) 

.68 

.56 

.51 

.71 

.32 

.57 

.67 

55 

-  N 

O' 

MG  (7) 

.51 

.90 

.74 

.65 

.48 

46 

.86 

.7  3 

.00 

4  5 

k.c  (X) 

.70 

.44 

.56 

.65 

.35 

.61 

.44 

.5' 

,r 

1)  k  (6) 

.82 

.51 

.65 

.75 

.41 

.76 

.73 

.'9 

.10 

I  S.  (7) 

Mean 

.82 

.46 

.73 

.52 

.14 

.12 

.76 

.51 

.'0 

5  .v 

.10 

Non  :  Number  of  sessions  under  each  adaptation  condition  is  shown  in  parentheses. 
"Received  the  l.o/S  Hi/ 1.  condition  first. 

^Received  the  Lo/  L  ////.S'  condition  first 


over  sessions,  one  would  expect  preadaptation  kappa  to  increase  over  sessions  under 
l.o/ 1.  Hi /S  and  to  decrease  over  sessions  under  lo / .S'  Hill..  A  consistent  pattern 
across  subjects  is  not  seen.  These  data,  like  the  data  front  the  earlier  experiments, 
suggest  that  the  influence  of  adaptation  does  not  persist  over  sessions. 


EXPERIMENT  4:  PITCH  CONTINGENT  ON  DERATION 

Method 

Thirty-one  subjects  were  randomly  divided  into  two  groups  of  16  subjects  and  I ' 
subjects.  Preadaptation  consisted  of  %  pitch  discrimination  trials  ri  \u>  was 
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TABLES.  Overall  Probability  of  a  Correct  Duration  Response.  P{C).  in 
Experiment  3 


Condition  and 


Subject 

Preadaptation 

Tev 

Lo/L-Hi/S 

H.B 

.61 

.61 

IP 

.58 

.56 

M.G. 

.72 

K  C 

.57 

.52 

D  K 

.71 

.67 

IS. 

.59 

.59 

Mean 

63 

.61 

Lo/S- lli/l. 

H.B. 

.58 

.59 

IP 

.62 

.63 

VI.G. 

.70 

.68 

K  C 

.59 

.55 

D  k 

.68 

.74 

IS. 

.63 

.63 

Mean 

.63 

64 

displayed  for  500  msec  and  1  sec  later  a  pair  of  tones,  separated  b\  400  msec,  was 
presented.  The  two  tones  ditTered  in  duration  (200  msec  or  600  msec).  The  two  tones 
also  differed  in  frequency  by  8  Hz.  There  were  four  pairs  of  frequency  values:  732 '740. 
740/748.  748/756.  and  756/764.  The  subject  was  required  to  indicate  which  tone,  lirst 
or  second,  was  higher  in  pitch  by  typing  /  or  2  on  the  terminal  keyboard. 

The  adaptation  conditions  were  identical  to  those  in  Experiment  3.  The  subject 
listened  to  two  alternating  tones,  with  a  400-msec  interval  between  successive  tones. 
Each  tone  was  presented  100  times.  There  were  16  subjects  in  the  Lo/L-Hi/S  group 


<9 

a 

a 

<9 

FIGURE  4.  Prcadaptatir.,1  kappa  in 
Experiment  3  shown  separately  for 
early  and  late  sessions.  Stippled  bars 
represent  mean  kappa  during  sessions  I 
and  2  and  open  bars  during  sessions 
(VI)  and  \.  The  pair  of  bars  on  the 
left  are  for  the  l.o/l.  Hi/S  condition 
and  the  pair  on  the  right  are  for  the 
l.o/S  lli/l.  condition. 


* 

a 

<9 
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and  15  in  the  Lo/S  Hi /L  group.  Sixteen  pitch  discrimination  test  trials  immediate!} 
followed  each  adaptation  period.  The  adaptation-  test  sequence  occurred  three  times 
for  a  total  of  48  test  trials. 

Six  subjects  ran  repeat  sessions  under  similar  conditions.  The  difference  in  pitch 
between  the  two  tones  was  9  Hz  and  the  four  pitch  pairs  were  726/755.  735  ’’44. 
744/753,  753/762.  The  intertone  interval  and  intertrial  interval  were  I  sec.  During 
adaptation  each  tone  was  presented  50  times  with  a  I -sec  interval  between  tones. 
Thirty-two  discrimination  trials  followed  adaptation.  The  three  adaptation  test 
sequences  resulted  in  96  test  trials.  Three  subjects  (D.K.,  L.P.,  and  K.C  )  ran  under 
Lo/L  Hi/S  adaptation  and  then  under  Lo/S  Hi  /  L:  the  other  three  subjects  (H  B., 
M.G.,  and  I.S.)  received  the  adaptation  conditions  in  the  reverse  order.  The  number  of 
sessions  under  each  adaptation  condition  is  shown  in  Table  7. 


Results  and  Discussion 

The  data  in  Tabi  e  6  are  presented  in  a  similar  manner  to  those  in  Tabi  i  3.  except 
that  the  entries  represent  the  probability  of  a  correct  pitch  judgment.  The  negative 
diagonal  of  the  preadaptation  matrices  was  larger  than  the  positive  for  21  of  the  31 
subjects.  The  Wilcoxon  T  test  shows  the  sum  of  the  entries  along  the  negative  diagonal 
to  be  significantly  larger  than  the  sum  along  the  positive  diagonal  ( T  -  103.5.  n  -  31. 
p  •  .01).  These  data  show  that  low-frequency  short  tones  are  judged  lower  in  pitch 
than  low  -frequency  long  tones  and  that  high-frequency  long  tones  are  judged  higher  in 
pitch  than  high-frequency  short  tones.  The  dependence  of  pitch  judgments  on  duration 
is  referred  to  as  auditory  tau  in  the  literature/"'  In  the  remainder  of  this  paper  tau 
w  ill  be  defined  as: 

[P(R,„  |  LH  and  SI.)  t  P(Rm  \  HL  and  LS)] 

-  [P(R,„I  LH  and  LS)  -  P(RIU  |  ///.  and  : S'/.)] 

For  the  Lo/L  Hi/S  group,  short  tones  should  appear  lower  in  pitch  and  long  tones 
higher  in  pitch  during  test  than  during  preadaptation.  That  is.  tau  should  be  larger 
after  adaptation.  The  data  in  Table  6  indicate  that  there  is  little  change  in  tau  from 
preadaptation  (.32)  to  test  (.29).  If  anything,  tau  is  reduced.  For  the  l.o  S  Hi  l. 
group,  short  tones  should  appear  higher  in  pitch  and  long  tones  lower  in  pitch  during 
test  than  during  preadaptation.  That  is,  tau  should  be  attenuated.  The  data  in  T  \m  t  6 
show  this  to  be  the  case  in  that  the  difference  between  the  negative  and  positive 


TABLE  6.  Pitch  Discrimination  Data  from  Experiment  4 


Prcadaptation  Test 


Adaptation 

Duration 

Pitch  Order 

Duration 

Pit 

Condition 

Order 

LH 

HL 

Order 

LH 

Lo/L  m/s 

SI. 

.82 

66 

SI. 

.S') 

LS 

.66 

.82 

LS 

11 

Lo/S  Hi/l. 

SI. 

.86 

.60 

SI. 

M 

LS 

.64 

.77 

IS 

68 

Noil ;  Each  entry  is  the  probability  of  a  correct  pitch  response. 
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table  7.  Probability  of  a  Correct  Pitch  Response  for  Each  of  the  Four  Stimulus 
Events  and  the  Value  of  Tau  for  Each  of  the  Repeat-Session  Subjects  in 
Experiment  4 


Preadaptation  Test 


Condition 

and 

SL 

LS 

SL 

LS 

Subject 

LH 

HL 

LH 

HL 

Tau 

LH 

HL 

LH 

HL 

Tau 

Lo/L-Hi/S 

H.B.  (8)° 

.69 

.38 

.59 

.51 

.22 

.68 

.40 

.61 

.42 

.09 

L.P.  (9)* 

.81 

.63 

.82 

.58 

-.06 

.87 

60 

.82 

.56 

,00 

M.G.(8V 

.97 

.88 

.94 

.96 

.12 

.99 

.78 

.93 

.95 

.23 

K.C.  (7)‘ 

.83 

.35 

.54 

.56 

.50 

.79 

.35 

.51 

.48 

42 

D.K.  (8)* 

.79 

.79 

.70 

.79 

.09 

.81 

.69 

.68 

.77 

.21 

I  S.  (8)“ 
Mean 

.96 

.89 

.99 

.96 

.05 

.15 

.99 

.85 

1.00 

.94 

07 

,r 

Lo/S-Hi/L 

H.B. (8) 

.65 

.50 

.65 

.53 

.02 

.68 

.35 

.61 

46 

IS 

L.P.  (10) 

.7! 

.84 

.78 

.74 

-.17 

.60 

.85 

.70 

.78 

.16 

M.G.(8) 

.95 

.90 

.91 

.93 

.06 

.96 

.84 

.95 

.94 

.10 

K.C.  (6) 

.73 

.42 

.57 

.52 

.26 

.78 

.37 

58 

43 

26 

D.K. (8) 

.84 

.87 

.85 

.81 

.07 

.79 

.84 

.90 

.78 

r 

I  S.  (8) 

Mean 

.81 

.84 

.88 

.90 

-  .01 
.02 

.83 

.88 

.86 

.91 

01 
.0  3 

Noti  :  The  number  of  sessions  under  each  adaptation  condition  is  shown  in  parentheses 
"Received  the  Lo/S-Hi/L  condition  first. 

''Received  the  Lo/L-Hi/S  condition  first. 


diagonals  is  less  during  test  (.24)  than  during  preadaptation  (.39).  Of  the  31  subjects. 
19  showed  performance  during  lest,  relative  to  preadaptation,  that  was  in  the  expected 
direction  (7  with  larger  tau  after  Lo/L-Hi/S  and  12  with  reduced  tau  after 
l.o/S  Hi / 1.),  and  one  showed  no  change.  According  to  the  Wilcoxon  T  test  these  data 
indicate  that  the  adaptation  conditions  did  not  have  a  significant  differential  etfect  on 
performance  ( T  200,  n  ».  30.  p  >  .05).  Judged  pitch  docs  not  appear  to  be 
differentially  inlluenced  by  the  pair  of  stimuli  presented  during  adaptation.  Both 
adaptation  conditions  tended  to  reduce  tau. 

The  probability  of  a  correct  pitch  judgment,  averaged  over  all  sessions  under  a 
particular  adaptation  condition,  and  the  value  of  tau  are  shown  in  T  Mil  I  7  for  each  of 
the  six  repeat-session  subjects.  Only  one  subject  (D.k.)  showed  the  expected  result:  tau 
increased  after  Lo/L  Hi/S  and  decreased  after  Lo/S  Hi,  L.  For  the  other  subjects 
adaptation  did  not  have  a  consistent  effect.  Averaged  over  the  six  subjects  there  is 
virtually  no  change  in  tau  under  either  condition.  The  data  from  these  subjects  are  in 
agreement  with  the  group  data  in  Table  (>.  In  neither  case  were  we  able  to  establish  a 
negative  pitch  aftereffect  contingent  on  duration. 


DISCUSSION 

The  data  show  that  judged  duration  lengthens  with  increases  in  pitch  and  judged  pitch 
increases  with  duration.  While  others  have  reported  demonstrations  of  auditory  tan 
and  of  auditory  kappa,  the  effects  in  the  present  experiments  are  clearer  and  more 
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consistent.  The  data  also  provide  strong  support  for  the  claim  that  TOE  tor  relatively 
brief  durations  is  positive.11, 

The  adaptation  conditions  had  a  differential  effect  on  TOF  in  Experiment  I  and  on 
kappa  in  Experiment  3.  This  can  be  taken  as  evidence  for  order-contingent  and 
pitch-contingent  duration  aftereffects  respectively.  In  neither  of  these  experiments  did 
the  adaptation  conditions  differentially  influence  P{C).  Thus,  adaptation  influences 
reports  about  perceived  duration,  but  not  discriminability. 

If  duration  aftereffects  are  variants  of  the  McC'ollough  effect,  one  would  expect  to 
be  able  to  demonstrate  a  duration-contingent  pitch  aftereffect.  We  were  unable  to  do 
so  in  Experiment  4.  The  data  from  the  repeat-session  subjects  suggest  that  neither  the 
order-contingent  nor  the  pitch-contingent  duration  aftereffect  persists  over  sessions. 
Furthermore,  the  order-contingent  duration  aftereffect  was  not  observed  when  a 
relatively  short  delay  of  25  min  was  introduced  after  adaptation.  In  contrast,  the 
McC'ollough  effect  and  its  variants  persist  for  days,  even  weeks.  Our  data  suggest 
fundamental  differences  between  the  duration  aftereffects  and  the  McC'ollough 
effect. 

The  favored  account  of  the  McC  oliough  effect  is  the  selective  adaptation  of  feature 
detectors.  For  duration  aftereffects,  this  account  would  imply  duration  detectors 
selectively  tuned  to  temporal  order  or  pitch.  We  know  of  no  physiological  c\  idence  for 
such  detectors. 

FOE  is  a  well-documented  finding  in  the  time  perception  literature.  \  satisfactory 
account  of  the  phenomenon  does  not  exist.  Woodrow'1’  suggested  that  the  perceptual 
duration  of  the  first  presented  event  "gravitated"  towards  a  remote  st  tndard.  the 
indillcrence  interval.  This  would  result  in  a  positive  TOE  lor  durations  less  than  the 
indillerence  interval  and  a  negative  TOE  for  durations  greater  than  the  indifference 
interval.  Aside  from  defining  the  indifference  interval,  this  account  has  difficulty  with 
the  finding  (hat  TOE,  whether  positive  or  negative,  tends  toward  zero  as  the 
interstimulus  interval  is  increased.' 

Hellstrdm1'  has  presented  a  model  that  postulates  that  the  two  internal  durations 
on  a  trial  are  modified  by  the  adaptation  level  or  mean  subjective  duration,  and  the 
differential  weights  are  then  applied  to  the  modified  internal  values.  The  reponse  is 
based  on  a  comparison  of  these  weighted  internal  vaiues  with  a  criterion  internal  value 
I  he  differential  weights  associated  with  the  first  and  second  d,  nation  values  arc 
identified  with  retroactive  and  proactive  interference  effects  respectively.  This  inter¬ 
pretation  of  the  weight  parameters  is  consistent  with  the  tinding  that  TOF  tend' 
toward  zero  as  interstimulus  interval  is  increased  Interference  effects  should  dos re. .se¬ 
wn  h  interstimulus  interval  and  therefore  so  should  TOF  In  order  to  account  tor  ; 
positive  TOF.  with  brief  durations  and  a  negative  TOE  with  longer  dim  aims. 
Hellstrdm  has  to  assume  that  proactive  interference  is  the  greater  for  short  duration.' 
and  retroactive  is  the  greater  for  longer  durations.  \\  hy  this  should  be  the  c.t'C  .s  u.  t 
developed  in  the  model. 

Allan  '  presented  a  model  for  TOE  that  prov  ided  a  qualitative  account  ot  her  da'a 
However.  Jamieson  "  showed  that  the  model  provided  a  poor  quantitative  tit  to  -  he 
data. 

The  data  from  the  present  experiments  do  not  account  for  the  finding  that  the  sum 
of  TOF.  depends  upon  duration.  However,  they  do  provide  information  about  the 
diflerential  ellcct  of  the  two  adaptation  conditions  on  the  preadaptation  positive  1 1  >! 
As  was  noted  above,  a  positive  JOE.  as  found  du.rng  preadaptation  m  the  prc'Ctr 
studies,  indicates  that  RIS  responses  are  made  more  frequently  than  /v\  ,  responses  I  he 
effect  of  adaptation  on  this  distribution  of  responses  can  be  explained,  as  eon'rus!  <■: 
perceived  duration  between  test  and  adaptation.  The  difference  between  the  perceived 
durations  of  the  two  tones  during  long  short  adaptation  is  large  relative  to  the  -cst 
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difference.  Therefore,  only  when  the  subject  is  certain  during  test  that  the  first 
stimulus  is  the  longer  would  the  trial  be  labeled  RIS.  This  would  result  in  fewer  R, , 
responses  during  test  than  during  preadaptation  and  a  more  negative  TOE.  The  reverse 
is  the  case  for  short  long  adaptation.  Again,  the  difference  between  the  perceived 
durations  of  the  two  tones  during  adaptation  is  noticeable  relative  to  the  test  difference. 
Now  only  when  the  subject  is  certain  during  test  that  the  first  stimulus  is  the  shorter 
would  the  trial  be  labeled  RS1.  This  would  result  in  more  RLS  responses  during  test  than 
during  preadaptation  and  a  more  positive  TOE.  In  decision  theory  language,  the  effect 
of  adaptation  is  on  the  criterion.  The  criterion  value  increases  after  long  short 
adaptation  and  decreases  after  short-long  adaptation. 

Kappa  and  tan  describe  the  finding  that  high-frequency  tones  and  long  tones 
“belong”  together  as  do  low-frequency  tones  and  short  tones.  Thus,  w  hen  tones  are 
presented  in  the  HE  order,  R/s  is  more  likely  than  Rst:  and  when  tones  are  presented  in 
the  EH  order,  Rs,  is  more  likely  than  R/s.  This  is  the  kappa  effect.  Similarly.  Rm  is 
more  likely  than  RUI  when  tones  arc  presented  in  the  LS  order;  and  Rn,  is  more  likely 
than  Rm  when  tones  are  presented  in  the  SL  order.  This  is  tan. 

The  contrast  hy  pothesis,  used  to  explain  the  differential  effects  of  adaptation  on 
TOE,  can  be  applied  to  the  differential  effects  of  adaptation  on  kappa  as  well.  During 
preadaptation,  the  criterion  on  ME  trials  is  lower  than  the  criterion  on  EH  trials, 
resulting  in  more  RIS  responses  on  HL  trials  than  on  LH  trials  and  a  kappa  effect. 
EJnder  the  Lo/S  Hi/ L  adaptation  condition,  the  high  tone  is  always  longer  than  the 
low  time  and  the  difference  between  the  perceived  durations  of  the  two  tones  is  large 
relative  to  the  test  difference.  Therefore,  on  HE  test  trials,  only  when  the  subject  is 
certain  that  the  first  tone  is  the  longer  is  the  trial  labeled  R /s.  resulting  in  a  decrease  in 
R/s  on  HE  test  trials  relative  to  preadaptation;  on  LH  test  trials.  onl\  when  the  subject 
is  certain  that  the  first  tone  is  the  shorter  is  the  trial  labeled  Rsl.  resulting  in  a  decrease 
in  Rsl  on  EH  test  trials  relative  to  preadaptation.  That  is.  the  criterion  for  R is 
increased  on  HL  trials  and  is  lowered  on  EH  trials,  resulting  in  a  reduced  kappa.  Now 
consider  the  Lo/L  Hi/S  adaptation  condition.  The  high  lone  is  always  shorter  than 
the  low  tone.  On  HL  test  trials,  only  when  the  subject  is  certain  that  the  first  tone  is  the 
shorter  is  the  trial  labeled  RSI.  resulting  in  a  decrease  in  Rsl  on  HE  test  trials;  on  EH 
test  trials,  only  when  the  subject  is  certain  that  the  first  tone  is  the  longer  is  the  trial 
labeled  R ;s.  resulting  in  a  decrease  in  R,s  on  EH  test  trials.  That  is.  the  criterion  for 
Rls  is  lowered  on  HE  trials  and  is  increased  on  LH  trials,  resulting  in  an  increased 
kappa. 

The  contrast  hypothesis  explains  the  effect  of  adaptation  through  criterion  shifts 
and  therefore  predicts  that  that  discriminabilily  will  not  be  influenced  by  adaptation. 
This  is  w  hat  was  found.  One  would  not  expect  the  effect  of  contrast  to  be  long-lasting. 
Again,  this  is  in  accord  with  the  data. 

The  data  presented  in  this  paper  suggest  that  contingent  duration  aftereffects  are 
different  in  kind  from  the  McC'ollough  effect.  The  contrast  hypothesis  is  presented  as  a 
plausible  account  lor  the  effect  of  adaptation.  The  hypothesis  is  compatible  with 
existing  models  in  the  time  perception  literature.  A  more  formal  presentation  of  the 
hypothesis  needs  to  be  developed  so  that  a  quantitative  evaluation  can  be  undertaken 


SUMMARY 

It  has  been  shown  that  judged  duration  of  tones  depends  on  pitch  (the  kappa  effect  i.  n 
order  of  presentation  (the  time-order  error),  and  on  repetition  (a  negative  duration 
aftereffect).  Recently,  a  duration  aftereffect  contingent  on  pitch  and  a  duration 
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aftcrcfTcct  contingent  on  order  of  presentation  have  been  described.  Our  results 
suggest  that  these  contingent  duration  aftereffects  differ  from  the  VlcCollough  effect, 
a  color  aftcrelTcct  contingent  on  orientation,  in  two  ways.  They  have  a  relatively  short 
life  and  they  are  not  symmetrical,  in  that  while  a  pitch-contingent  duration  aftereffect 
could  be  established,  a  duration-contingent  pitch  aftereffect  could  not.  In  contrast,  the 
McCollough  effect  persists  for  days  and  both  an  orientation-contingent  color  afteref¬ 
fect  and  a  color-contingent  orientation  aftereffect  have  been  reported.  A  decision 
theory  account  for  contingent  duration  aftereffects  is  outlined. 
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It  is  a  pleasure  to  comment  on  this  series  of  interesting  and  instructive  papers  on  time 
perception. 

Richard  Schweickert’s’  paper  on  the  application  of  critical  path  analysis  to 
information-processing  models  takes  the  major  advance  in  interpreting  such  experi¬ 
ments.  the  additive  factor  method  first  put  forward  by  Saul  Sternberg."  a  step  forward. 
Dr.  Schweickert's  techniques  may  make  it  possible  to  unravel  not  only  simple 
sequential  models,  but  also  those  that  include  concurrent  parallel  processes. 

Drs.  Wasscrman,  DeLong,  and  Larew3  examined  the  problem  of  order  perception 
in  pigeons.  The  study  of  perception  in  animals,  as  in  infants,  has  started  to  take  olT  in 
recent  years,  both  because  of  an  increased  willingness  to  suppose  that  complex  abilities 
may  exist,  and  because  of  improvements  in  techniques  for  demonstrating  them  This 
paper  clearly  demonstrates  that  pigeons  make  and  retain  discriminations  of  order 

Turning  to  the  perception  of  temporal  order  in  humans.  George  Sperling3  has  given 
us  a  fine  example  of  his  ability  for  lucid  analysis  and  incisive  experimental  investiga¬ 
tion.  His  results  arc  of  great  interest  and  deserve  consideration  at  leisure. 

Finally,  both  Donald  Jamieson'  and  Lorraine  Allan"'  have  presented  u>  with 
interesting  observations  on  time-order  effects.  Dr.  Allan  has  made  a  careful  investiga¬ 
tion  of  contingent  aftereffects  in  duration  judgments,  giving  us  a  great  deal  of 
information.  She  concludes  by  rejecting  a  parallel  with  the  color-contingent  aftereffect 
and  suggests  that  the  explanation  for  the  effects  she  found  may  lie  in  contrast  mediated 
by  decision  processes.  I  believe  that  Dr.  Allan  is  on  the  right  track  and  I  would  like  to 
take  this  argument  a  little  further. 

“Contrast.”  like  “assimilation,"  is  a  familiar  term  and  is  often  taken  for  an 
explanatory  term.  But  is  it?  I  suggest  that  it  is  no  more  than  a  label  for  effects  lying  in  a 
certain  direction,  and  requires  explanation  itself.  Terms  like  “kappa"  and  "tau." 
unfortunately,  arc  not  even  descriptive. 

A  theory  of  criterion-setting  on  which  I  have  recently  been  working  offers 
explanations  for  sequential  effects,  of  which  contrast  is  an  example,  and  it  may  be  of 
interest  to  see  how  well  such  a  theory  can  account  for  the  present  results.  The  theory 
derives  sequential  effects  from  the  operation  of  mechanisms  responsible  for  estab¬ 
lishing  the  value  of  the  decision  criterion  from  trial  to  trial. 

The  theory  of  criterion-setting  has  been  applied  to  Thurstonian  models  of 
detection,  identification,  absolute  judgment,  and  magnitude  estimation.  These  models 
assume  that  repeated  presentation  of  a  stimulus  produces  a  normal  distribution  of 
sensory  effects  on  a  central  scale,  and  that  judgments  arc  made  by  the  use  of  decision 
criteria. 

Let  me  briefly  summarize  the  main  assumptions  of  the  theory.  It  addresses  the 
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question  "Why  does  a  response  criterion  have  one  value  rather  than  another  uul  it 
oilers  the  answer  that  there  are  three  main  mechanisms  (excluding  consideration  . •! 
feedback)  that  determine  the  momentary  values  of  criteria.  The  tir»t.  a  glob.-.: 
mechanism,  establishes  a  long-term  reference  value  for  each  criterion  I  his  i>  the 
process  implicitly  assumed  by  signal-detection  theory.  It  uses  past  experience  .md 
knowledge  of  global  parameters,  such  as  the  overall  probability  of  the  signal  and  tin. 
payofT  values,  to  determine  the  best  reference  criterion. 

However,  the  reference  criterion  is  not  maintained  without  change  from  tna  to 
trial,  save  for  that  produced  by  random  noise.  The  reason  for  this  is  that  each  trial 
contributes  short-lived  information  to  the  observer  which  he  must  apply  there  and  then 
if  he  is  to  perform  optimally  Consider  an  observer  attempting  to  detect  the  presence  ol 
a  stimulus.  On  trial  i  he  concludes  that  the  stimulus  is  present.  In  daily  experience, 
objects  that  are  truly  present  tend  to  persist  and  show  the  same  or  similar  sensory 
characteristics,  at  least  for  short  periods  of  time.  Thus,  the  observer's  criterion  on  the 
next  few  trials  should  take  account  of  this  information,  which  is  equivalent  to  a 
short-lived  increase  in  the  probability  of  the  stimulus.  Accordingly .  the  observ  er  should 
lower  his  criterion  for  a  limited  period,  which  will  make  repetition  of  the  positive 
response  more  likely  .  (1  his  corresponds  to  "assimilation  ")  By  lowering  his  criterion  in 
this  case  he  "tracks”  the  current  state  of  the  world.  To  meet  this  requirement, 
criterion-setting  theory  proposes  that  each  response  sets  up  a  short-lived  memorv  trace 
or  "indicator  trace"  which  indicates  a  direction  and  magnitude  of  shift  required  for  the 
criterion,  and  that  this  trace  decays  with  time.  The  working  criterion  at  any  time  is 
given  by  the  sum  of  the  reference  criterion  plus  the  currently  ron/ero  indicator 
traces. 

The  tracking  procedure  may  be  put  in  force  when  the  subject  makes  a  decision, 
covert  or  overt,  categorizing  the  input.  But  whether  or  not  he  does  so.  the  sensory  inputs 
themselves  constitute  a  third  source  of  information  which  may  be  used  to  stabilize  the 
criterion  in  relation  to  the  sensory  inflow.  They  indicate  whether  it  is  properly  centered 
in  relation  to  the  llux  of  incoming  sensory  inputs,  or  is  away  to  one  side,  in  which  case 
little  information  will  be  conveyed  by  the  responses.  Thus,  if  the  sensory  input  on  trial  .• 
is  greater  than  the  criterion,  this  indicates  that  the  criterion  should  shift  to  the  right  on 
the  next  trial;  if  the  sensory  input  is  less,  the  criterion  should  shift  to  the  left,  f  he  c  \  ten ; 
of  the  shift  should  increase  with  the  disparity.  The  overall  effect  of  such  shifts  will  be  t> 
center  the  criterion  It  follows  that  if  the  sensory  input  is  below  the  detection  criterion 
on  one  trial,  inducing  a  shift  to  the  left,  the  probability  of  a  detection  response  will  be 
increased  on  the  next.  This  constitutes  "contrast.”  l  ira  ki  I  shows  a  reanalvsis  of  data 
obtained  by  Tanner  <■(  al '  in  which  the  subject  had  to  identify  a  tone  as  i  ot  i>  or  s< >i  i 
These  data  illustrate  bot Ti  tracking  and  stabilization  in  operation  in  the  same 
experiment;  if  the  probability  of  a  t  ot  l>  response.  P(ioi  n).  is  plotted  against  previous 
responses,  it  is  greater  after  a  preceding  tot  o  response  than  after  a  sotT  one  If  we  plot 
it  against  the  preceding  stimulus  magnitude,  it  is  greater  following  a  soft  stimulus  than 
following  a  loud  one. 

Tracking  is  assumed  to  have  relatively  short-lived  effects,  since  the  relevance  of 
previous  judgments  may  soon  decline,  but  stabilization  may  produce  longer-lived 
traces,  centering  the  criterion  in  relation  to  a  larger  sample  of  the  sensory  llux 

This  theory  can  be  applied  to  provide  explanations  for  the  kappa  effect,  the  tan 
effect,  and  at  least  some  contingent  aftereffects,  l  or  this  purpose  we  add  the  following 
two  assumptions:  first,  criteria  may  be  situalionally  coded.  That  is.  a  criterion  is 
defined  not  only  for  a  given  judgment,  but  also  for  particular  conditions  under  which 
this  judgment  may  be  made.  Then  contributions  to  the  reference  criterion,  and 
indicator  traces,  produced  under  a  given  condition  are  labeled  as  applying  to  the 
criterion  only  when  employed  under  the  same  condition.  Thus,  the  decision  criterion 
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may  have  different  values  for  different  sets  of  circumstances.  For  example,  if  a 
discriminative  stimulus  indicates  that  the  probability  of  the  signal  is  high,  this  should 
cause  the  reference  criterion  to  be  lowered  when  that  stimulus  is  present.  This  is  a 
natural  extension  of  the  assumption  that  the  global  criterion-setting  mechanism  takes 
account  of  the  prior  probability  of  the  signal. 

The  second  assumption  is  that  if  a  decision  takes  place  in  stages,  then  the  ev  idence 
provided  by  an  earlier  stage  may  be  preserved  as  a  covert  quantitative  value  to  be 
employed  at  a  later  stage.  But  the  magnitude  of  this  quantitative  value  is  determined 


FIGURE  I.  I)  ata  from  Tanner  et  al*  in  which  subjects  identified  a  tone  as  I  ot  i> .  r  sol  1.  In  the 
upper  panel  the  probability  of  the  response  lot  i>  is  shown  as  a  function  of  the  response  on  the 
preceding  trial  ( K,  ,);  in  the  lower  panel  it  is  shown  as  a  function  of  the  preceding  stimulus  ( v,  , ) 
The  upper  panel  illustrates  a  positive  sequential  effect  ("assimilation")  of  th<  seeding  response; 
the  lower  panel  shows  a  negative  dependency  ("contrast")  on  the  preceding  '  mulus. 


by  a  criterion  whose  function  is  to  set  the  origin  of  the  scale  on  which  this  value  is 
measured.  This  assumption  will  be  illustrated  below. 

We  now  examine  how  these  assumptions  may  be  used  to  build  models  for 
contingent  effects. 


TIIE  KAPPA  EFFECT 

Cohen  et  al.'1  exposed  subjects  to  three  lights  set  in  order  along  a  line  and  Hashing  ir 
a  repeated  cycle.  Subjects  adjusted  the  time  of  the  central  Hash  lo  make  t,.  the  interval 
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FIGURE  2.  The  model  lor  the  kappa  effect  given  by  criterion-setting  theory.  The  upper  panel 
shows  the  cycle  of  three  flashing  lights,  L„  L 2  and  £,.  separated  by  equal  distances  <:/,  and  d:  The 
subject  adjusts  L2  to  flash  at  half  the  total  duration.  The  judgments  for  represented  on  the  time 
dimension  7",,  and  for  r,,  represented  on  7\ ,  are  shown  separately.  Each  duration  produces  a 
distribution  of  central  effects  on  the  corresponding  central  decision  axis.  shown  lor 
convenience  as  two  axes,  k\  t  and  £'TJ.  After  each  adjustment  the  subject  decides  w  hether  the  first 
interval  is  too  long  or  too  short  using  a  criterion  coded  for  the  first  distance.  Hs(d ,).  He  makes  a 
similar  covert  judgment  about  second  interval.  Adjustments  continue  until  a  setting  is  found  such 
that  the  sensory  effects  of  the  first  interval  arc  approximately  equally  distributed  about  kjdt ). 
and  those  of  the  second  interval  about  Ec(d:).  Since  i /,  -  d:.  the  criteria  should  be  similar  and  the 
final  judgment  unbiased. 

The  lower  panel  applies  when  d]  is  three-quarters  of  the  whole  distance.  The  criterion 
associated  with  the  long  distance,  dt.  is  shifted  to  the  left,  and  the  criterion  associated  with  d.  is 
shifted  to  the  right.  Then  0.75  seconds  will  seem  too  long  for  the  first  interval,  and  too  short  for  the 
second.  Adjustment  will  find  a  shorter  interval  to  match  £'<.(</,)  and  a  longer  interval  for  kjdp. 
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situationally  coded  criterion,  that  is,  a  criterion  coded  by  association  with  the  first 
distance  Ec(dt)  or  by  association  with  the  second  Ej(d:).  When  d;  =  d:.  the  criteria 
should  be  the  same.  But  when  the  distances  are  unequal,  the  global  mechanism  will 
take  note  of  this  in  setting  the  reference  positions  for  the  two  criteria.  In  the  real  world 
movements  arc  usually  smooth:  if  an  object  moves  successively  through  distances  </ 
and  d:,  our  experience  is  almost  always  that  the  time  taken  is  monotonically  related  to 
the  distances,  especially  when  the  movement  is  horizontal.  Thus,  for  a  long  distance, 
the  global  mechanism  should  expect  that  the  probability  of  a  long  interval  will  be 
increased  and  should  set  the  criterion  for  detecting  long  intervals  low;  the  reverse  will 
apply  when  the  distance  is  short.  This  is  analogous  to  the  efTect  of  signal  probability  on 
a  signal-detection  criterion. 

The  lower  panel  applies  the  model  when  d]  is  long  and  d,  short.  The  first  criterion 
shifts  to  the  left  and  the  second  to  the  right.  Since  the  method  of  adjustment  finds  the 
stimulus  whose  mean  central  effect  best  matches  the  criterion,  it  will  select  t  less  than 
0.75  sec,  and  t:  greater.  Remember  that  the  stabilization  process  tends  to  >,hi t't  each 
criterion  in  the  direction  of  recent  sensory  inputs;  thus,  if  both  start  too  low  (giving 
covert  long  responses  for  both  intervals)  or  too  high,  this  will  automatically  be 
corrected. 


THE  TAU  EFFECT 

We  now  consider  the  auditory  tau  effect  described  by  Cohen  el  al.  These 
investigators  presented  three  brief  tones  in  succession,  with  an  interval  f.  between  the 
first  two  tones  and  l:  between  the  second  and  third,  and  required  the  subject  to  adjust 
the  middle  tone  to  be  intermediate  in  pitch.  W'ith  an  initial  tone  of  1000  Hz  and  a  final 
tone  of  3000  Hz,  given  in  a  1 .5-scc  cycle,  the  middle  tone  was  set  to  206S  Hz  for  i  0.5 
sec.  and  to  1676  Hz  for  t,  1.0  sec.  When  the  initial  and  final  anchor  tones  were  3000 
Hz  and  1000  Hz.  respectively,  the  middle  tone  was  set  to  1725  Hz  for  /  0.5  sec.  and 

to  1921  Hz  fort,.  1.0  sec.  ' 

This  effect  is  formally  similar  to  the  kappa  effect  and  could  be  explained  by  a 
similar  model,  although  this  would  rest  on  the  weaker  assumption  that  we  expect 
successive  tones  to  change  frequency  at  a  regular  rate.  But  a  simpler  explanation  is 
suggested  if  we  note  that  in  this  experiment  time  may  function  in  two  ways:  as  a 
processed  sensory  input,  as  the  authors  assume,  or  simply  as  the  familiar  independent 
variable  present  in  all  experiments.  The  latter  is  all  that  is  required  for  a  simpler  mi  del 
in  which  the  results  follow  directly  from  the  features  of  the  tracking  criterion-setting 
process,  without  requiring  criteria  coded  for  the  two  time  intervals  flits  model  is 
illustrated  in  I T<;i  ki  3 

The  figure  shows  the  central  scale  for  frequency.  /•.,.  on  which  presentation-  of  ihe 
anchor  tones,  1000  and  3000  Hz,  produce  sensory  distributions  It  also  shows  the 
criterion  l\  which  would  be  used  in  identifying  them.  When  an  anchor  lone  is 
presented,  the  subject  needs  to  identify  it  in  order  to  perform  the  task;  this  catecon/.i- 
tion  sets  up  a  tracking  adjustment  to  the  criterion.  Thus,  in  the  figure,  the  categoriza¬ 
tion  of  each  anchor  stimulus  sets  up  a  corresponding  indicator  trace.  At  any  moment 
the  criterion  is  given  by  the  sum  of  its  initial  value  and  the  existing  indicator  trace-  as 
the  latter  decay,  it  returns  to  its  initial  value.  The  method  of  adjustment  hunts  A  - 
criterion.  It  follows  that  when  this  method  is  used  with  t  0.5  sec.  it  will  find  the 
bisecting  stimulus  value  further  removed  from  the  immediately  preceding  anchor 
stimulus  than  when  t.  I  0  sec.  This  is  sufficient  to  account  for  the  auditorv  tau 
effect. 
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CONTINGENT  AFTEREFFECTS:  DERATION  CONTINGENT  ON  ORDER 

Contingent  aftereffects  are  found  when  judgments  are  preceded  by  an  adaptation 
period  during  which  the  subject  is  passively  exposed  to  a  series  of  stimulus  presenta¬ 
tions  which  require  no  perceptual  decisions  on  his  part.  In  the  absence  of  perceptual 
categorization,  tracking  may  not  occur  or.  since  it  is  short-lived,  its  effects  will  be 
outweighed  by  the  accumulation  of  longer-lived  stabilization  indicator  traces.  The 
passive  registration  of  sensory  inputs  lends  itself  to  the  manifestation  of  stabilization 
effects.  These  provide  the  basis  for  a  model  of  the  contingent  aftereffects  described  by 
Dr  Allan 


Elt»l  RE  3.  The  auditory  mu  effect:  an  expression  of  the  tracking  mechanism  Rcpc  a .si 
presentations  of  two  anchor  frequencies.  1000  and  3000  Hz.  produce  central  effects  distributed  on 
a  central  scale,  on  which  there  is  also  an  intermediate  criterion.  We  see  the  effect  of  a 
presentation  of  the  anchor  stimulus.  1000  Hz.  (Time  proceeds  downward  in  the  figure,  and  the 
decision  axis.  hf,  is  redrawn  for  each  stimulus  presentation.)  The  sensory  input  fails  below  /  and 
is  categorized  as  "1000."  The  tracking  mechanism  produces  a  corresponding  adjustment  in 
criterion  an  indicator  trace  of  value  •  A  is  set  up.  and  the  value  of  this  trace  is  added  to  the  initial 
value  of  the  criterion  to  give  Us  current  value  As  the  indicator  trace  decays,  the  current  value  «■! 
the  criterion  correspondingly  returns  to  its  initial  value.  In  this  illustration  the  indicator  trace 
disappears  completely  before  the  next  stimulus  presentation.  A  second  anchor  stimulus  is  then 
presented,  is  classified  as  "3000"  and  sets  up  an  indicator  trace  of  magnitude  X  This  is  again 
added  to  the  criterion.  I  or  interprescntaiion  intervals  of  1 .5  seconds,  the  position  of  the  criterion 
w hen  r,  0.5.  or  w  hen  t ,  1 .0  seconds,  is  indicated  in  each  case. 


The  upper  panel  of  Fuji  ri  4  illustrates  the  preadaptation  stage.  The  subject  must 
decide  which  of  two  successive  tones  is  the  longer.  This  may  be  done  in  two  stages,  in 
the  first,  the  stimuli  are  assessed  as  they  oecur,  their  strength  being  represented  by 
quantitative  outputs  taken  from  the  criterion  as  origin,  separate  coded  criteria  being 
used  for  interval  I  and  interval  2.  These  outputs  are  compared  in  the  second  stage  and 
determine  the  response:  if  the  difference  between  the  second  measure  and  the  lir-t  i- 
positive,  the  second  interval  is  chosen  as  longer,  otherwise  the  first  is  selected.  The 
upper  panel  assumes,  for  simplicity,  that  there  is  no  initial  bias  Then  the  criteria  coded 
lor  the  first  and  second  intervals  arc  the  same,  so  that  the  mean  sensory  magnitude 
assigned  to  a  given  stimulus  will  be  the  same  in  either  interval.  The  subject ’> 
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forced-choice  decisions  are  determined  by  the  difference  distributions  shown  on  the 
difference  decision  axis.  (A  roving  standard  design  was  used  but  we  may  disregard  this 
since  a  difference  distribution  is  calculated.)  Dr.  Allan  defines  the  time-order  error 
(TOE)  as  the  proportion  of  the  LS  distribution  to  the  left  of  the  origin,  reduced  by  the 
proportion  of  the  SL  distribution  to  the  right  of  the  origin.  In  the  figure  this  is  zero.  In 
fact,  for  her  results  we  should  assume  that  the  first  criterion  is  displaced  to  the  left  or 
the  second  to  the  right,  to  account  for  the  initial  small  positive  error. 

The  effects  of  adaptation  to  short-long  pairs  are  shown  in  the  lower  panel.  During 
adaptation  £'c(0|),  the  criterion  associated  with  the  first  interval,  is  subject  to  the 
stabilization  effect  of  the  short  intervals  repeatedly  presented  in  position  1.  Thctr 
sensory  inputs  will  lie  well  to  the  left  of  £'c(o,)  and  their  stabilizing  indicator  traces  will 
produce  a  shift  of  this  criterion  to  the  left.  Similarly,  the  long  intervals  given  in  position 
2  during  adaptation  will  shift  the  criterion  for  this  interval  to  the  right.  The  sensory 
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FKJI  RF.  5A.  Duration  aftereffect  contingent  on  pitch:  judgments  made  prior  to  adaptation, 
assuming  that  there  is  no  initial  bias.  Whether  the  first  tone  is  low  and  the  second  high,  or  the  first 
high  and  the  second  low.  the  two  coded  criteria,  t\(LOW)  and  t\ ( Hldll  I.  are  the  same  in  e  ich 
case.  Thus,  the  mean  quantitative  measure  assigned  to  the  sensors  effects  of  a  given  duration,  / . 
or  7(,  is  the  same  whether  it  is  the  first  or  the  second  interval,  and  presented  as  a  low  or  a  h'gh 
tone.  Consequently,  the  difference  distributions  for  the  SI.  and  LS  orders  will  be  the  same  and 
symmetrical  for  each  tone  order.  Kappa  is  given  by  the  proportion  of  the  SI.  distribution  to  the 
right  of  the  origin,  for  the  low  high  tone  order,  plus  the  proportion  of  the  IS  distribution  to  the 
left  of  the  origin  for  the  high  low  tone  order  (both  shown  stippled)  reduced  b>  the  proportion  of 
LS  to  the  left  of  the  origin  in  the  first  case  and  the  proportion  of  ,Y/.  to  the  right  in  the  second  In 
this  case,  it  is  zero. 
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Fl<;i  RF  4.  Orde  r-contingent  duration  aftereffect:  the  model  given  by  criterion-setting  theory 
Pairs  of  durations  are  presented  and  the  subject  makes  a  forced-choice  response.  The  time 
dimension  and  the  central  effects  of  presented  intervals  arc  represented  separately  for  the  first 
and  second  intervals.  Assuming  there  is  no  preexisting  bias,  the  two  coded  criteria.  F.to  )  and 
F'.fod.  are  identically  placed,  fiach  determines  the  origin  on  the  scale  of  central  effects.  f'T.  for 
intervals  in  the  corresponding  position.  Since  the  origins  are  initially  the  same,  the  short  interval 
(  / s )  and  the  long  interval  ( 7j )  produce  distributions  of  central  effects  with  means  1  and  1. 
respectively,  whether  these  intervals  occur  first  or  second.  A  quantitative  first-stage  output  i> 
found  for  each  interval,  given  by  the  measure  of  the  sensory  effect  registered  on  the  F ,  scale  for 
that  interval.  The  difference  between  the  two  measures  on  a  given  trial.  Ft  ;  F  ,  .  may  do 
represented  on  a  difference  axis.  F,,  The  difference  distributions  resulting  from  I  om.-miok  i 
( IS)  presentations  and  from  si  tom -i  onc.  (.S'F)  presentations  are  shown  on  this  axis  I  or  SI.  pairs 
the  mean  of  the  corresponding  distribution  is  2.  and  for  IS  pairs  the  mean  is  2  The  probability 
of  a  correct  response  to  IS  pairs.  P[Kls  \  IS)  is  the  area  of  the  IS  distribution  to  the  left  of  the 
origin  ( stippled  area)  and  the  corresponding  probability  for  SI.  pairs  is  the  area  of  the  SI 
distribution  to  the  right  of  the  origin.  Thus,  the  time-order  error  as  defined  b\  Dr.  Allan.'  TO! 
PiR,s\lS)  I'iR^  I  -S'F).  is  zero. 

The  effects  of  .S'F  adaptation,  to  repeated  stumr-t  o\t.  pairs,  on  later  judgments  is  illustrated 
in  the  lower  panel  The  criterion  for  the  first  interval  is  shifted  to  the  left,  taking  the  origin  with  it. 
and  F ,(<>.)  is  shifted  to  the  right  The  sensory  inputs  produced  by  the  two  stimuli  are  unchanged 
Hut  the  mean  sensory  magnitude  assigned  to  a  presentation  of  /',  in  the  first  interval  is  now  2.  not 
I .  because  of  the  criterion  shift  to  the  left,  and  in  the  second  interval  it  is  now  0.  not  1 .  because  the 
origin  has  moved  to  the  right.  I  hux,  the  means  of  the  difference  distributions  are  changed  for  each 
order  of  presentation  Both  are  shifted  to  the  left  and  the  TOE  is  increased. 
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forced' -choice  decisions  are  determined  by  the  difference  distributions  shoes n  or  the 
difference  decision  avis  I  \  rosing  standard  design  vs  as  used  but  we  mas  disregard  th.- 
since  a  difference  distribution  is  calculated.)  Dr.  AID  t  defines  the  time-order  error 
(TOM)  as  the  proportion  of  the /..V  distribution  to  the  1  ’  •  origin,  reduced  b\  the 

proportion  of  the  S /  distribution  to  the  right  of  th<  ri: 
fact,  for  her  results  vse  should  assume  that  the  fir 
the  second  to  the  right,  to  account  for  the  initial  s.na 
The  effects  o!  adaptation  to  short  long  pairs  ar 
adaptation  E  (o  ).  the  criterion  associated  with  th 
stabilization  effect  of  the  short  intervals  repeatec 
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sensorv  inputs  will  lie  well  to  the  left  of  £\.(o , )  and  then  stabilizing  indicator  tr.iscs  w 
produce  a  shift  of  this  criterion  to  the  left.  Similarly,  the  long  intervals  given  in  posin,  .• 
2  during  adaptation  will  shift  the  criterion  for  this  interval  to  the  right  The  setts,  r 
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Kl(;i  RK  5a.  Dur  ation  aftereffect  contingent  on  pitch:  judgments  made  prior  adaptation, 
assuming  that  there  is  no  initial  bias.  Whether  the  first  tone  is  low  and  the  second  high,  or  die  lirst 
high  and  the  second  low,  the  two  coded  criteria.  7.V( l.OW)  and  EJ HKill  l.  arc  the  same  in  each 
case.  Thus,  the  mean  quantitative  measure  assigned  to  the  sensory  effects  of  a  given  duration.  /.. 
or  7,.  is  the  same  whether  it  is  the  first  or  the  second  interval,  and  presented  as  a  low  or  a  high 
tone.  Consequently,  the  difference  distributions  for  the  SL  and  LS  orders  will  be  the  same  a  x! 
symmetrical  for  each  tone  order.  Kappa  is  given  by  the  proportion  of  the  SI.  distribution  i  <  the 
right  of  the  origin,  for  the  low  high  tone  order,  plus  the  proportion  of  the  IS  distribution  to  the 
left  of  the  origin  for  the  high  low  tone  order  (both  shown  stippled)  reduced  bv  the  proportion  ,  : 
IS  to  the  left  of  the  origin  in  the  lirst  case  and  the  proportion  of  SI.  to  the  right  in  the  second  I- 
this  case,  it  is  zero. 
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inputs  given  by  7"s  and  T,  are  unchanged.  But  the  quantitative  measures  they  give  rise 
to  in  each  interval  are  shifted  because  of  the  shifts  in  origin  (the  order-coded  criteria) 
on  the  £t  scale  for  each  interval,  and  in  consequence  the  LS  and  SL  difference 
distributions  are  each  moved  to  the  left.  This  will  manifest  as  an  increase  in  TOE  In 
the  same  way,  LS  adaptation  would  produce  a  decrease  in  TOE. 

DURATION  AFTEREFFECT  CONTINGENT  ON  PITCH 

In  her  fourth  and  fifth  experiments  Dr.  Allan  adapted  subjects  to  short  and  long 
intervals  (200  and  600  msec)  given  as  low  and  high  tones  (600  and  900  Hz).  The 


ADAPTATION  L<va  -  HiA 
HIGH 

LOW 


HIGH 


LOW 


LOW 


LOW  -  HIGH  SEQUENCES 


UMIGM 


i - VmGH 


INTERVAL  2 


IH 


high -LOW  SEQUENCES 


ML: 


•ET,CX0N-\HGH) 


FIGIRK  5B.  Dural  ion  aftereffect  contingent  on  pitch  l.o/L-Hi/S  adaptation  and  the  state  of  the 
criteria  after  such  adaptation.  The  criterion  coded  by  association  with  the  low  tone.  E,  ( /  ()) t'l.  has 
been  exposed  to  long  intervals  during  adaptation.  It  has  shilled  to  the  right,  so  that  m  this 
illustration  the  origin  nowi  coincides  with  the  mean  of  the  T ,  distribution  This  holds  for  either 
tone  sequence  during  judgment.  Similarly,  Ej  HIGH )  is  shifted  to  the  left  in  both  cases  \lt  hough 
the  sensory  inputs  produced  by  I\  and  7\  have  not  changed,  they  will  now  both  be  assigned  fuser 
values  when  presented  as  low  tones  and  higher  values  when  presented  as  high  tones  Consequently 
both  difference  distributions  arc  shifted  to  the  right  for  the  low  high  tone  sequences  and  io  the  left 
for  the  high  low  sequences.  Consequently,  kappa  is  increased. 
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subject  was  subsequently  required  to  decide  which  of  two  tones  (one  at  600.  the  other  at 
900  Hz)  was  the  longer.  An  effect  was  found  which  Dr.  Allan  defines  as 

kappa  [P(RSI  | SI.  and  LH)  +  P(R1S|  LSand  HD) 

-  [P(Re,  |SL  and  HL)  -  P(R,  J  1  S  and  I  II)]. 

Adaptation  to  low-frequency  long  tones  and  high-frequency  short  tones  increased 
kappa ;  the  reverse  adaptation  reduced  it.  These  results  can  also  be  explained  by 
stabilization  effects  on  coded  criteria,  the  criteria  in  this  case  being  coded  bv 
association  with  the  low  or  high  frequencies.  The  model  is  illustrated  in  FkjLRF.s  5 A 
and  B 

Prior  to  adaptation,  and  assuming  no  initial  bias,  the  criteria  coded  by  pitch  are  the 
same,  giving  symmetrical  difference  distributions  and  a  zero  vaiue  for  kappa.  If 
low-frequency  long-duration  intervals  are  given  during  adaptation,  these  will  act  onl\ 
on  the  criterion  coded  for  association  with  low  frequency.  Since  they  are  long,  they  will 
cause  stabilization  shifts  of  E^(LOW)  to  the  right.  Equivalent  effects  will  be  produced 
by  other  adaptation  combinations.  The  figure  demonstrates  how  l.o  l.-Hi/S  adaptation 
shifts  the  criteria  selectively  and  consequently  causes  the  difference  distributions  to 
shift  to  the  right  for  low -frequency -high-frequency  sequences  and  to  the  left  for 
high- low  sequences.  This  gives  a  positive  value  of  kappa  Similarly,  it  can  be  shown 
that  Lo/S  Hi/L  adaptation  w  ill  cause  a  reduction  in  kappa 

Prior  to  adaptation.  Dr.  Allan's  subjects  showed  a  positive  value  of  kappa  This 
may  possibly  reflect  a  bias  in  the  environmental  noises  we  experience,  low-pitched 
rumbles  tending  to  be  longer  than  higher-pitched  squeaks. 

It  appears  that  criterion-setting  theory,  extended  by  the  hypothesis  of  situational 
coding  of  criteria,  can  account  for  the  major  intersensory  effects  involving  time.  This 
result  has  a  number  of  interesting  implications. 

1 .  If  criterion-setting  theory  can  account  for  the  present  contingent  aftereffects,  it 
is  possible  that  it  may  also  account  for  many  of  the  contingent  aftereffects  found  in 
other  modalities,  such  as  the  color-contingent  aftereffect."  This  would  relate  such 
phenomena  directly  to  sequential  dependencies  in  general  and  so  provide  a  more 
parsimonious  account  than  do  theories  that  require  the  assumption  that  neural  feature 
detectors  are  the  site  of  adaptation  or  theories  that  postulate  special  types  of  learning. 

2.  Whereas  the  color-contingent  aftereffect  may  endure  days  or  weeks.  I)r.  Allan 
found  that  her  order-contingent  aftereffect  did  not  last  25  minutes.  The  explanation  for 
this  difference  may  lie  in  situational  coding:  if  a  coded  criterion  is  modified  only  in  the 
situation  it  is  intended  for.  then  its  life  may  be  a  function  of  the  frequency  with  which  it 
encounters  that  specific  situation  and  is  modified  in  it.  The  natural  environment 
frequently  presents  us  with  sequences  of  sounds  of  varying  durations,  which  max 
expose  criteria  coded  for  order  to  noisy  influences,  whereas  the  bar  and  color  patterns 
used  in  inducing  the  color-contingent  aftereffects  are  rarely  seen  under  natural 
conditions. 

-V  In  her  final  two  experiments.  Dr.  Allan  failed  to  find  an  effect  on  pitch 
contingent  on  the  duration  of  adapting  stimuli.  Thus,  this  experiment  provides  no 
evidence  that  pitch  criteria  may  be  coded  by  temporal  duration.  We  have  also  seen 
above  that  the  auditory  tau  effect  of  Cohen  ct  al."'  does  not  require  coded  criteria  f  «, 
its  explanation  These  observations  raise  the  possibility  that  duration  cannot  readily  be 
used  to  code  pilch  criteria  and  perhaps  criteria  on  other  modalities  The  presence  or 
absence  of  contingent  aftereffects  may  provide  us  with  evidence  on  relations  between 
modalities  which  allow  inputs  in  one  to  affect  sensory  decisions  in  another 

4.  The  present  analysis  provides  a  basis  for  distinguishing  between  different  ;vpe- 
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of  cross-sensory  effects  on  decision  Thus  we  can  contrast  Cohen  vi  ill.  s'  kappa,  which 
we  have  attributed  to  the  global  criterion-setting  process,  and  the  finding  described  by 
Dr.  Allan,  which  may  be  mediated  by  stabilization  of  coded  criteria. 
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Of  the  following  four  papers,  three — those  of  Stelmach  and  Requin  and  Semjen.  and 
my  own — are  concerned  with  the  temporal  patterns  produced  in  sequences  of 
movements,  while  the  other,  that  of  Jones,  describes  a  pitch-recognition  task  in  which 
the  stimuli  arc  presented  in  different  temporal  patterns.  All  four  papers  use  human 
subjects,  while  my  own,  with  Keele  and  Margolin,  takes  advantage  of  deficits  in 
performance  resulting  from  a  neurologic  disorder  to  explore  a  theoretical  model 
developed  on  the  basis  of  the  more  usual  “normal”  population  of  college  students. 

The  papers  by  Jones  and  Requin  and  Semjen  return  to  a  theme  taken  up  in  other 
research  reported  at  this  conference:  Physically  distinguishable  dimensions  of  the 
stimuli  (the  interstimulus  interval  of  Schweickert)  or  of  the  movements  (the  interre¬ 
sponse  interval  of  Eisler)  interact  in  their  effects  on  performance.  The  internal 
representation  of  a  series  of  movements  and  the  consequences  of  timing  of  the 
movements  is  addressed  by  three  of  the  papers:  in  the  paper  by  Stelmach  the  timing  is 
incidental  to  the  production  of  handwriting,  but  in  the  work  of  Requin  and  Semjen  and 
Wing  et  al.  the  subjects  have  to  produce  well-regulated  interresponse  intervals.  All 
three  papers  examine  the  intervals  between  excessive  movements,  either  in  terms  of 
means  (Stelmach  and  Rcquin  and  Semjen)  or  in  terms  of  variances  (Wing  et  al.).  In 
addition,  the  papers  by  Stelmach  and  Requin  and  Semjen  attempt  to  characterize  the 
nature  of  separation  for  movements  using  the  latency  with  which  the  sequences  are 
initiated. 
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Over  the  past  decade  there  has  been  considerable  interest  in  the  process  by  which 
motor  commands  pass  from  some  abstract  representation  in  the  brain  to  a  functional 
code  at  the  muscular  level.1  4  The  term  most  frequently  used  in  conjunction  with  this 
aspect  of  movement  specification  is  that  of  a  motor  program.  Henry  and  Rogers'  and 
Kcele4  purported  the  motor  program  to  be  a  specification  of  parameters  of  action  such 
as  force,  velocity,  duration,  and  sequencing  of  the  involved  muscles.  Over  the  years  this 
idea  has  changed  so  that  today  a  motor  program  is  thought  of  as  an  abstract 
non-muscle-specific  representation  of  motor  acts. 

Recently,  an  increasing  number  of  studies  have  investigated  motor  programs  in 
complex  motor  tasks,  such  as  the  production  of  words,  '  typewriting.  and  piano 
playing,"  in  an  attempt  to  describe  the  characteristics  of  these  programs.  Handw  riting. 
involving  the  coordination  of  orthogonal  muscle  systems  of  the  forearm,  hand,  and 
fingers,  with  intricate  timing  relationships,  is  another  skill  that  is  proving  to  be  useful 
for  studying  the  nature  of  motor  programming. 

As  described  from  a  motor  control  perspective,  handwriting  can  be  viewed  as  the 
production  of  flexion  and  extension  movements  of  the  thumb,  index,  middle,  and  ring 
fingers,  and  abduction  and  adduction  of  the  hand  around  the  wrist  joint.  I  or  the  most 
part,  vertical  strokes  of  letters  are  produced  by  thumb  linger  flexions  ,tnd  extensions, 
and  horizontal  strokes  are  produced  by  hand  abduction  and  adductions  \  steady 
rotation  about  the  shoulder  produces  left-to-right  progression  Despite  the  rich 
theoretical  motor  control  aspects  of  handw iting.  most  research  until  recently  has 
concentrated  on  handwriting  characteristics  and  pathologic  abnormalities  How 
ever,  the  w  idely  quoted  description  of  the  handwriting  simulated  by  I  lollerbach.  the 
expanding  research  effort  from  the  Psychological  Laboratory  at  the  l  niversity  o: 
Nijmegen.14  and  the  time  space  constancy  data  by  Viviani  and  Tcr/uolo  have  all 
increased  interest  in  handwriting  as  a  skill  for  gaining  insight  into  the  representation  of 
complex  actions  and  the  structure  and  organization  of  motor  commands 

"This  research  was  conducted  at  the  Li  niversity  of  Niimegen  and  was  partialis  sponsored  In  the 
Graduate  School  Research  Committee  of  the  I  niversity  of  \\  isconsin.  by  the  Suctm'ic  Mfors 
Division  of  NATO;  by  the  Senior  I  ulbright  Scholar  Program;  and  by  the  Nett’crlands 
Organization  for  the  Advancement  of  Pure  Research. 
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Recent  research  from  Nijmegen14  1620  has  clearly  shown  that  handwriting  move¬ 
ments,  often  considered  to  be  continous  for  letters  and  words,  can  be  decomposed  into 
individual  strokes.  The  resulting  dynamic  description  of  size,  velocity,  and  duration 
parameters  of  the  writing  trace  is  used  to  help  understand  the  control  parameters  of  the 
motor  output.  Using  such  measures,  Viviani  and  Terzuolo17  found  in  handwriting  an 
invariant  structure  for  space-time  parameters,  leading  them  to  conclude  that  the  basic 
unit  of  organization  for  motor  output  corresponds  to  the  sequence  that  is  specified 
rather  than  letter-to-letter  transitions.  The  homotetic  behavior  in  the  time  domain  for 
handwriting  is  captured  by  the  tangential  velocity  when  subjects  are  required  to 
intentionally  modify  their  writing  speed  while  keeping  constant  the  size  of  the  letter. 
W  hen  the  total  duration  of  the  writing  movement  changes,  instantaneous  values  of  the 
velocity  change  proportionally  in  such  a  way  as  to  leave  invariant  the  ratios  among  the 
times  of  occurrence  of  the  major  features  of  the  trajectory  profile.  Similar  trajectory 
profiles  arc  also  observed  when  changes  in  writing  size  are  required.'  '  This 
observation  led  Viviani  and  Terzuolo  to  conclude  that  the  observed  homotetic  behavior 
in  the  time  domain  is  a  general  organizational  principle  of  learned  movements. 

Along  a  dilTcrent  dimension.  Raibcrt6  has  shown  that  handwriting  possesses 
striking  similarities  when  writing  with  the  left  or  right  hands,  right  arm.  pen  taped  to 
the  rght  foot,  or  pen  held  in  the  mouth.  The  observation  suggests  that  there  is  a 
common  memorial  representation  for  all  of  the  writing  behaviors  that  is  implemented 
regardless  of  limb  and  muscles  involved.5  Keelc,1  attempting  to  relate  these  data  to 
Hollerbach's'1  spring  model,  suggests  that  if,  in  each  of  Raibert's  handwriting 
examples  the  muscles  arc  organized  into  relationships  that  operate  at  right  angles  to 
each  other,  then  the  same  time  patterns  could  be  applied  and  the  output,  except  for 
size,  would  be  very  much  the  same. 

These  studies  suggest  that  cursive  handwriting  may  result  from  the  relative  timing 
of  sets  of  muscles  in  a  generalized  force-time  relationship.  A  program  for  a  letter  could 
then  be  thought  of  as  a  specification  of  the  phasing  between  coupled  oscillations  in  the 
horizontal  and  vertical  direction  with  transitions  from  one  letter  to  another  occurring 
when  the  phases  are  changed  by  some  underlying  timing  component.  The  unit  that  is 
specified  would  be  in  this  sense  a  complete  cycle  at  one  phase  setting  of  the 
agonist-antagonist  muscle  pairs.1 

In  search  of  a  unifying  principle  underpinning  these  various  hypotheses,  two 
fundamental  issues  arc  investigated  herein,  namely,  the  generality  of  the  invariant 
characteristics  of  the  relative  timing  of  a  handwriting  sequence,  and  the  nature  and 
specification  of  a  unit  of  the  motor  program  for  handwriting.  The  first  experiment  to  be 
reported  examines  the  susceptibility  to  modification  of  the  widely  acclaimed  space 
time  invariance  reported  by  Viviani  and  Terzuolo,17  in  a  prepared  handwriting 
sequence.  Stroking  characteristics  in  situations  where  a  given  sequence  is  prepared  and 
executed  arc  compared  to  those  where  the  prepared  sequence  must  be  modified  at  the 
time  of  an  imperative  response  signal.  Modifications  of  a  prepared  allograph  required 
the  subjects  to  cither  increase  handwriting  size  (3  cm)  or  decrease  it  (1.5  cm) 
Preparation  state  was  manipulated  by  expectancy  information  that  created  a  bias 
toward  preparing  one  of  the  two  handwriting  sizes.  This  type  of  paradigm  was  first 
used  by  La  Bcrgc,  van  Gcldcrand  Ycllott'sand  has  been  recently  employed  by  l.arish 
and  Stclmach'4  and  Stelmach  and  Tculings20  to  examine  the  restructuring  aspects  of 
motor  programming  processes. 

At  issue  in  the  present  experiment  is  whether  the  space-time  invariance  phenome¬ 
non  operates  differentially  under  advance-planning  and  parameter-restructuring  situ¬ 
ations.  Because  size  is  the  only  variant  between  probability  conditions  in  the 
experiment,  the  main  difference  between  conditions  is  the  ‘Teparamctcri/ing"  or 
readjustment  of  force  time  parameters  required  for  proper  execution.71  Heretofore. 
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the  space-time  invariance  has  only  been  observed  in  situations  where  the  subject  could 
fully  prepare  the  execution  of  writing  different  sizes.  One  of  the  issues  to  be  explored  i  n 
this  experiment  is  whether  the  effect  of  change  in  size  prescription  is  limited  to  the 
initial  stroke  or  whether  the  context  of  the  size  preparation  will  alter  the  duration  of  the 
stroke  characteristics  throughout  the  allograph.  If  learned  handwriting  movements  arc 
represented  in  some  abstract  code  and  retrieved  as  a  unit,  it  may  be  posited  that  in  the 
restructuring  situation  the  subject  will  have  difficulty  adjusting  size  parameters 
throughout  the  handwriting  sequence. 


EXPERIMENT  1 
Method 


Subjects 

Subjects  were  13  right-handed  male  and  female  psychology  students  from  the 
University  of  Nijmegen.  They  were  either  paid  or  given  class  credit  for  participation. 


Apparatus 

The  writing  movements  were  recorded  by  a  computer-controlled  digitizer  (Vector 
General  Data  Tablet  DTI).  The  position  of  the  tip  of  the  electronic  pen.  expressed  in 
horizontal  and  vertical  coordinates  with  a  combined  RMS  error  better  than  0.2  mm, 
was  sampled  at  a  rate  of  200  Hz.20  The  pen  lip  was  an  ordinary  ballpoint  refill  and  the 
subject  wrote  on  a  sheet  of  paper  fixed  on  the  digitizer  surface.  The  digitizer  was 
positioned  such  that  the  subject’s  individual  writing  slope  was  parallel  to  the  horizontal 
axis  of  the  digitizer.  Direct  vision  of  the  writing  hand  was  eliminated  by  the  placement 
of  a  shield  above  the  writing  surface. 

A  display  (Vector  General  Graphics  Display  Series  3  Model  ZDS)  was  positioned 
at  a  distance  of  125  cm  directly  in  front  of  the  subject  at  eye  level  and  it  allowed  the 
tachistoscopic  presentation  of  stimuli  (the  stimuli  were  built  up  w  ithin  1  msec). 


Procedure 

Each  trial  began  with  a  buzzer  and  after  a  1 -second  delay,  a  writing  stimulus  was 
displayed  for  100  msec.  One  allograph  was  presented  (hye)  and  depending  on  the 
probability  condition,  the  subjects  were  required  to  write  it  in  one  of  two  sizes  ( large  or 
small).  The  subject's  task  was  to  initiate  a  response  to  the  writing  stimulus  as  fast  as 
possible  with  minimal  error.  All  pen  movements  were  recorded  and  stored  and  1  second 
later  the  recorded  writing  trace,  the  stimulus,  and  the  reaction  time  were  displayed  to 
the  subject  for  2  sec.  The  fed-back  writing  trace  served  also  as  a  means  to  instruct  the 
subjects  in  the  correct  writing  size.  As  such,  the  traces  of  the  letters  were  fitted  between 
two  horizontal  lines  representing  the  correct  writing  size  of  1.5  or  3  cm.  These  lines 
were  also  useful  to  inform  the  subject  that  s/he  was  writing  horizontally  and 
correctly. 

The  subjects  were  familiarized  with  the  writing  task  and  given  sufficient  practice 
(100  trials  of  each  allograph  size)  until  they  had  no  difficulty.  Then  each  subject 
participated  in  a  block  of  55  trials  where  the  type  of  allograph  displayed  and  written 


3SN3dX3  1N3WNU3AOD  IV  QiJnOObdid 


STELMACH  el  at.:  MOTOR  PROGRAMMING  IN  HANDWRITING 


147 


altered  between  hye  large  (3  cm)  or  small  (1.5  cm).  As  an  aid  to  preparation,  the 
highly  probable  allograph  size  was  continually  visible  to  the  subject  during  a  block  of 
trials  and  when  the  subjects  heard  the  buzzer  ( 1  sec  prior  to  “go"  signal),  they  were  to 
prepare  the  displayed  handwriting  reponse  and  write  it  as  fast  as  possible  when  the 
allograph  was  flashed  on  the  display.  The  distinguishing  feature  between  blocks  was 
the  designation  of  which  allograph  size  appeared  most  frequently.  Within  a  block  of 
trials,  40  trials  consisted  of  the  flashed  allograph  matching  the  displayed  allograph 
(80%),  10  where  it  did  not  (20%)  and  5  that  were  catch  trials  (no  target  signal). 
Depending  on  the  block,  the  subjects  participated  in  sessions  where  they  either 
executed  hye  large  80%  of  the  time,  but  on  20%  of  the  trials  had  to  switch  to  hye  small, 
or  else  they  executed  hye  small  80%  of  the  time,  but  had  to  switch  to  hye  large  on  20% 
of  the  trials.  Thus,  for  each  allograph  size  there  was  a  highly  prepared  execution  (80% 
trials)  and  one  that  was  executed  only  after  it  was  restructured  (20%  trials). 

It  was  stressed  that  all  up  and  down  movements  had  to  be  made  clearly,  that  at  the 
start  of  a  trial  the  pen  had  to  be  in  contact  with  paper,  and  that  the  pen  should  not  be 
lifted  during  the  writing  movement.  The  subjects  were  instructed  to  perform  the 
writing  task  as  fast  and  as  accurately  as  possible.  It  was  stressed  that  the  subject  should 
make  optimal  use  of  the  probability  information  by  preparing  the  most  probable 
allograph  on  every  trial  and  switching  to  the  alternative  sequence  only  if  the  stimulus 
display  required  it.  Presentation  order  of  allographs  and  probability  levels  were 
balanced  over  subjects.  The  first  five  trials  were  exclusively  the  most  probable 
stimulus,  and  no  two  successive  catch  trials  with  the  least  probable  grapheme 
occurred. 


Response  Analysis 

The  vertical  coordinate  as  a  function  of  time  was  differentiated  and  filtered  at  10 
Hz,  yielding  the  vertical  velocity,  and  time  marks  were  determined  where  the  vertical 
velocity  changed  sign  (that  is,  a  downward  movement  is  passed  into  an  upward 
movement  or  vice  versa).  The  allographs  were  chosen  such  that  the  movement  from  one 
time  mark  to  the  following  could  be  regarded  as  one  stroke. 15  In  addition  to  the 
intervals  between  these  time  marks,  the  velocity,  the  net  length,  and  the  direction  of  the 
strokes  were  also  determined  for  the  first  eight  strokes  of  the  allographs.  The  time 
marks,  as  calculated  by  a  computer  algorithm,  were  made  visible  so  that  the  analysis  of 
each  trial  could  be  verified. Ih  If  the  algorithm  did  not  work  perfectly,  the  time  marks 
could  be  readjusted  by  hand,  using  a  moving  cursor  controlled  by  a  10-turn  potentiom¬ 
eter.’0  If  the  response  obviously  contained  an  execution  error,  the  trial  was  excluded 
from  analysis. 


Results 


Reaction  Time 

The  mean  reaction  times  (RTs)  within  each  handwriting  size  and  probability  level 
were  determined  and  then  compared,  and  these  reaction  times  for  the  four  conditions 
arc  reported  in  Tabi  i-  I.  Inspection  of  the  table  reveals  that  for  both  handwriting  sizes 
the  RTs  arc  considerably  faster  in  the  high-expectancy  conditions  (80% )  compared  to 
those  of  low  expectancy  (20% ).  By  employing  a  one-tail  sign  test  and  using  subjects  as 
uncorrclated  variables,  we  observed  that  both  handwriting  sizes  were  initiated 
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table  i.  Viean  Reaction  Times  (msec)  for  hye  Written  Small  or  Large  under 
Two  Probability  Levels 


Small 

Large 

Arc-20%  condition 

383 

362 

Arc- 80%  condition 

317 

301 

Mean  difference 

66 

61 

significantly  faster  (large,  301  versus  362  msec,  p  .05;  small.  317  versus  3S3  msec, 
p  *  .01)  in  the  advanced-planning  conditions,  indicating  that  the  subjects  were  indeed 
using  the  probability  information  to  prepare  the  expected  handwriting  sequence. 

It  is  also  worthy  of  note  that  when  comparisons  in  RTs  are  made  between 
handwriting  sizes,  the  RTs  for  the  smaller-sized  writing  are  consistent l>  longer, 
regardless  of  expectancy  level.  For  the  80 %  condition,  the  difference  was  16  msec,  and 
for  the  20%  condition  it  was  21  msec.  While  the  exact  locus  of  this  effect  is  unknow  n,  it 
most  likely  due  to  differences  in  the  force- time  prescription  at  the  muscular  level. 
Handwriting  consists  of  a  set  of  orthogonal  muscle  control  systems  with  intricate 
timing  relationships,  and  in  this  case,  when  large  amounts  of  force  are  required,  the 
wrist  joint  and  its  constituent  muscle  groups  probably  play  a  larger  role  in  the  initial 
stroke  than  in  the  smaller-execution  size,  where  finger  movement  dominates.  Similar 
findings  were  reported  by  Bonnet,  Requin  and  Stelmach,'2  who  found  that  specifica¬ 
tion  of  short  dorsal-flexion  foot  movements  took  longer  to  initiate  than  substantially 
longer  ones. 


Stroke  Characteristics 

The  average  length  per  stroke  for  the  production  of  the  two  allograph  sizes  i> 
reported  in  Table  2.  It  is  easily  seen  that  the  execution  of  the  two  allograph  sizes 
produces  substantially  different  lengths  per  stroke  and  that,  in  general,  having  to 
switch  to  a  different  size  allograph  had  little  effect  on  stroke  length.  This  indicates  that 
regardless  of  the  type  of  preparation,  the  subjects  are  able  to  accomplish  the  switch  to 
produce  the  required  lengths,  with  the  differences  being  consistent  throughout  the  first 
eight  handwriting  strokes.  However,  close  inspection  of  the  first  stroke  for  each 
probability  condition  reveals  that  the  type  of  preparation  alters  the  produced  length  of 


TABLE.  2.  Mean  Lengths  and  Velocities  per  Stroke  for  the  hye  Allograph  W  ritten 


Small  and  Large  lor 

each 

Probability 

Level 

Stroke  N 

umber 

1  ength  (mm) 

1 

3 

4 

5 

6 

X 

/ire-large  20% 

1  47 

1.53 

0.61 

0.42 

0  56 

0.31 

OSS 

1.21 

Arc-small  20% 

.97 

.81 

.34 

.23 

.31 

.16 

.68 

Arc-large  80% 

1  62 

1.58 

.66 

.45 

.58 

.31 

'X 

1.21 

Arc-small  80% 
Velocity  (cm/sec) 

.84 

.74 

.34 

.23 

.31 

.16 

to 

~0 

Arc- large  20% 

12.16 

18.71 

8.14 

6.88 

6.55 

557 

6  12 

12 
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the  first  stroke.  Under  conditions  where  the  subject  prepared  for  a  small  stroke,  but 
then  had  to  execute  a  large  one,  the  length  of  the  first  stroke  is  shorter  than  when  he  or 
she  prepared  to  write  a  large  stroke  and  then  executed  it.  A  similar  context  effect,  but 
in  the  opposite  direction,  is  found  for  the  first  stroke  when  subjects  prepared  to  write 
large,  but  had  to  switch  to  execute  a  small  stroke.  Both  of  these  context  effects  are 
significant  (  p  <  .05). 

Velocities  per  stroke  are  also  reported  in  Table  2  and  it  is  apparent  that  with  an 
increase  in  length  per  stroke  there  is  an  associated  increase  in  velocity,  the  longer 
stroke  lengths  possessing  large  velocities.  These  increases  in  velocity  remain  fairly 
constant  across  the  eight  strokes  regardless  of  the  type  of  preparation.  There  also  seems 
to  be  a  proportional  increase  in  velocity  for  the  longer  strokes  within  an  allograph,  as  is 
seen  by  making  comparisons  between  length  and  velocity  on  a  stroke-by-stroke  basis. 
Moreover,  when  we  examine  the  lengths  of  the  first  strokes,  we  see  a  context  effect  in 
the  first  stroke  for  velocity.  When  the  subjects  prepared  for  a  large  stroke  and  then 
executed  it.  the  did  it  faster  than  when  they  had  to  switch  to  execute  a  small  stroke,  and 
vice-versa. 


FIGURE  1.  Duration  per  stroke  in 
msec  for  the  80%  condition  plotted  as 
a  function  of  stroke  number  for  Mr- 
large  and  Mr-small. 


While  the  observed  stroke  parameters  for  length  and  velocity  arc  along  the  lines 
suggested  by  a  space  time  invariance,1  the  data  on  durations  per  stroke  are  rather 
informative.  Figure  1  plots  the  durations  per  stroke  for  small  versus  large  in  the  HO'i 
condition,  where  the  subject  executed  the  prepared  size.  Statistical  comparisons 
between  the  durations  per  stroke  revealed  that  there  arc  no  differences  between  small 
and  large  si/cs,  supporting  the  well-known  time-constancy  invariance  often  observed  in 
handwriting.17  Figure  2  plots  the  durations  per  stroke  for  the  “reparamctcrizing" 
condition  (20%)  as  a  function  of  large  and  small  siz.es.  In  contrast  to  the  results  in 
Figure  1,  there  are  substantial  differences  between  writing  size  for  stroke  durations 
across  the  eight  strokes  plotted.  All  of  these  differences  are  significant  at  the  p  .01 
level  and  suggest  that  the  force-time  phasing  is  not  normally  specified.  Yet  it  can  be 
seen  by  the  shape  of  the  curve  that  the  relative  ratios  among  the  times  of  occurrence  of 
the  individual  strokes  is  invariant. 
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In  comparing  across  figures  it  can  be  seen  that  most  of  the  duration  effect  is  due  to 
differences  in  the  execution  of  the  large  allograph.  The  duration  for  large  strokes  in  the 
20r/T  condition  is  considerably  longer,  whereas  there  is  little  difference  in  the  SO'V 
condition.  This  implies  that  it  is  more  difficult  to  increase  the  force  required  when  the 
preparation  is  for  a  small  si/e,  than  when  a  decrease  in  si/e  is  required.  Remarkable, 
this  duration  effect  remains  for  the  entire  eight  strokes,  suggesting  that  there  is  an 
overall  force-  time  prescription  that  modulates  the  entire  allograph. 


Discussion 

The  foregoing  data  suggest  that  the  type  of  preparation  (  80' /  versus  20' ; )  w  ithir.  a 
given  size  affects  the  execution  of  the  first  stroke  of  an  allograph,  as  seen  in  the 
significant  differences  observed  in  velocity  and  length  parameters  in  T\Bl  t  2.  This 


FIGI  RE  2.  Duration  per  stroke  in 
msec  for  the  20T  condition  plotted  as  a 
function  of  stroke  number  for  Air- 
large  and  Aye-small. 


indicates  that  not  all  effects  of  programming  are  indexed  b>  the  reaction  time  The 
approximate  cost  of  “rcparamctcrizing"  the  si/e  prescription  for  both  writing  si/cs  was 
60  msec.  Apparently,  this  additional  time  was  not  sufficient  to  get  the  force  time- 
relationship  organized  so  that  the  sequence  could  be  normally  executed.  An  examina¬ 
tion  of  advance-planning  effects  as  seen  by  comparing  length  and  velocity  parameters 
within  a  handwriting  size  reveals  that  the  observed  preparation  effects  are  hinted  to  the 
(irst  stroke.  One  interpretation  of  this  part  of  the  data  is  that  the  motor  programming 
in  these  handwriting  tasks  is  limited  to  the  first  stroke,  with  the  remainder  of  the 
programming  done  on  line.  This  observation  is  similar  to  that  proposed  by  llulsiiin  and 
van  Galen.1'  who  found  that  interdigil  intervals  appear  not  to  be  influenced  by  the 
sequence  length,  thereby  reflecting  a  local  programming  process  for  the  execution  of 
each  individual  digit.  Our  data,  interpreted  as  such,  arc  somew  hat  at  odds  with  those  of 
Sternberg  cl  ai,  w  ho  proposed  that  an  entire  sequence  of  words  (speech)  or  characters 
(typewriting)  are  being  programmed  prior  to  the  initiation  of  the  lirst  response  a  id 
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that  a  global  search  process  is  necessary  for  the  execution  of  each  individual  response  in 
the  sequence. 

A  slightly  different  picture  of  motor  programming  is  obtained  when  one  compares 
large  versus  small  writing  sizes  at  each  of  the  expectancy  conditions  (80%  versus  20% ). 
Under  the  “reparameterization”  condition  (that  is,  when  a  movement  sequence  is 
prepared  under  a  specific  force-time  relationship  and  this  preparation  has  to  be 
restructured)  it  was  found  that  the  original  preparation  interferes  with  the  new  one. 
The  surprising  aspect  of  this  finding  is  that  the  lack  of  adequately  changing  the 
durations  in  the  handwriting  sequence  for  the  20%  condition  remains  throughout  the 
execution  of  the  allograph  and  the  timing  ratios  of  successive  elements  are  preserved. 
As  for  the  debate  mentioned  earlier,  over  the  nature  of  motor  programming  and  the 
type  of  units  involved,  these  data  suggest  that  motor  programming  for  handwriting 
may  be  characterized  as  a  series  of  horizontal  and  vertical  movements  which  are 
modulated  by  some  underlying  timing  component  involving  the  entire  sequence.  A  few 
years  ago.  Wing23  came  to  essentially  the  same  conclusion  from  his  work  on  durations 
between  stroke  segments  and  suggested  that  the  basic  program  unit  being  timed  was 
not  a  single  stroke,  but  that  an  underlying  metronomic  process  was  involved. 

As  can  be  seen  from  the  evidence  presented  thus  far,  a  programming  unit  for 
handwriting  has  been  described  variously  as  an  agonist-antagonist  phase  cycle.1'  a 
metronomic  process,21  word,17  and  a  letter.15  Further,  since  it  has  been  found  that 
increasing  the  number  of  line  segments  in  the  production  of  a  grapheme  increases  the 
reaction  time,14  there  has  also  been  some  speculation  that  individual  strokes  may  be 
represented  as  programming  units.  If  we  are  to  interpret  work  on  motor  programming 
in  handwriting,  it  is  clear  that  what  constitutes  an  elementary  unit  of  a  program  must 
be  defined.  To  this  end,  two  experiments  were  designed  to  uncover  whether  the  most 
fundamental  strokes,  straight  or  curved,  could  function  as  programming  units  in  a 
paradigm  similar  to  that  used  by  Sternberg  el  a/.78  The  number  of  strokes  was 
manipulated  in  order  to  test  whether  the  length  of  the  sequence  had  an  effect  upon  the 
RT  interval.  A  linear  increase  in  RT  and  a  quadratic  increase  in  duration  would  then 
indicate  advance  planning  of  a  sequence  of  strokes,  with  the  unit  being  the  individual 
stroke. 

The  second  and  third  experiments  employed  a  modified  simple  reaction-time 
paradigm  with  a  handwriting  response.  Figures  consisting  of  1-5  line  segments 
(\VK  w  vtl)  and  1-6  line-curve  permutations  (\  u  U  u/ut  uu)  were  presented  individ¬ 
ually  in  random  order.  The  subjects'  task  was  to  reproduce  the  prespecified  figure, 
completing  it  as  quickly  as  possible  after  receipt  of  an  imperative  signal.  If  the  unit  of 
programming  in  handwriting  is  not  the  stroke,  but  is  one  complete  cycle  at  a  particular 
phase  setting,1 13  with  letters  emerging  as  modulations  of  underlying  oscillation 
patterns,  or  if  it  is  a  letter,  then  differential  programming  effects  should  occur  not  only 
among  items  in  one  experiment,  but  also  between  items  when  comparing  both 
experiments. 


EXPERIMENT  2 
Methods 


Subjects 

Subjects  were  four  right-handed  male  and  female  psychology  students  drawn  from 
the  same  population  as  Experiment  I . 
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Apparatus 

The  apparatus  and  experimental  configurations  were  basicallx  the  same  as  m 
Experiment  I,  except  that  direct  vision  of  the  hand  was  possible,  and  that  the  vertical 
coordinates  were  filtered  and  differentiated  at  32  Hz. 


Procedure 

A  typical  trial  proceeded  as  follows:  A  line-segment  figure  (for  example,  n  i 
appeared  on  the  display  screen  for  500  msec  and  then  went  off.  After  a  2500-msec 
delay,  which  subjects  were  encouraged  to  use  for  response  preparation,  two  1 00-msec 
warning  beeps  ( 1000  Hz)  occurred.  500  msec  apart.  They  were  followed  500  msec  later 
by  a  third  100-mscc  beep  having  a  higher  frequency  (2000  Hz)  tone.  This  was  the 
signal  to  write  the  figure,  completing  it  as  rapidly  and  accurately  as  possible.  All 
movements  of  the  pen  were  recorded  and  stored  and  500  msec  later  a  feedback  trace  of 
the  response  was  displayed  and  the  next  trial  began  automatically.  In  order  to  avoid 
anticipation,  on  I6'7<  of  the  trials  the  third  tone  did  not  sound,  indicating  a  catch  trial 
on  which  the  subject  was  not  to  respond. 

Summary  information  was  given  at  the  end  of  each  block  in  terms  of  the  number  of 
errors  out  of  the  total  number  of  real  trials,  the  average  movement  lime  in  milliseconds 
between  the  signal  and  the  end  of  the  writing  response,  and  a  score.  The  score  was 
based  on  time,  errors,  and  standard  deviation,  encouraging  the  subjects  to  optimize  the 
speed  accuracy  trade-off.  The  subjects  were  familiarized  with  the  writing  task  and 
practiced  375  trials,  attaining  a  high  level  of  performance.  Thc\  were  then  presented 
with  four  blocks  of  75  trials,  1 2  repetitions  of  each  stimulus  item  per  block  plus  catch 
trials.  Each  block  was  pseudorandomized  with  a  constraint  of  no  two  identical 
successive  items.  The  subjects  were  encouraged  to  write  the  figures  in  a  consistent  size 
with  all  up  and  down  movements  being  made  clearly  and  precisely  The>  were 
informed  that  the  pen  had  to  be  in  contact  with  the  paper  at  the  start  of  a  trial  and 
eould  not  be  lifted  during  the  writing  movement. 


EXPERIMENT  3 

The  same  subjects  participated  in  this  experiment  as  Experiment  2.  with  the  order 
of  presentation  counterbalanced.  The  stimulus  items  were  the  onlv  change  in  this 
experiment.  Six  different  figures  were  used  here  (t  u  U  uj u*  iw)  After  45(1  practice 
trials,  subjects  were  presented  with  four  blocks  of  90  trials  each.  This  experiment  was 
identical  in  all  other  respects  to  Experiment  2. 


Results 


Reaction  Time 

The  mean  reaction  time  for  each  sequence  length,  averaged  over  subjects  and  over 
sessions,  is  shown  in  I  Kit  Rl  3.  Results  for  the  stimulus  items  in  Experiment  2  and 
Experiment  3  are  considered  both  separately  and  in  relation  to  each  other 

Visual  inspection  reveals  some  similarity  in  the  shape  of  functions,  with  the  most 
striking  effect  being  the  increase  in  RT  for  the  first  stroke  in  Experiment  2  and  the  first 
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2  strokes  in  Experiment  3.  This  finding  has  been  demonstrated  in  previous  work  on 
handwriting.1'  where  a  possible  explanation  was  put  forth  that  for  short  movements  the 
stop  (which  for  handwriting  measurements  must  be  very  precise)  is  programmed 
before  the  movement  starts.  Sternberg  et  a!  discuss  the  element  invariance  require¬ 
ment  in  which  the  equivalence  of  single,  beginning,  interior,  and  terminal  elements 
must  be  assumed  in  order  to  interpret  the  latency  function  for  sequences  starting  with 
n  -  1 .  If  this  requirement  is  not  met,  and  indeed  it  may  not  be  in  handw  riting,  given  the 
bidirectional  phase  shifts,  our  attention  must  be  restricted  to  performance  functions  for 
n  i-  2  (or  n  3,  in  Experiment  3,  where  u  may  be  considered  a  single  element). 

The  best-fitting  straight  line  in  Experiment  2  was  calculated  for  the  remaining 
points  and  a  trend  analysis  on  the  linear  component  was  performed.  This  analysis 


FIGURE  3.  Re  action  time  in  msec  for 
each  of  the  line  and  line  curve  segment 
experiments  plotted  as  a  function  of 
stroke  number 


yielded  a  slope  of  5.2  msec  of  the  fitted  latency  function  F(l,  6)  7.N4  p  nv 

Deviations  from  linearity  were  not  significant  (p  <  .05).  This  trend  toward  linearity 
gives  a  weak  indication  of  the  individual  stroke's  being  the  unit  of  programming  in  this 
context.  However,  there  was  no  linear  trend  for  RT  in  Experiment  3  F(l.  l>)  174. 

Since  all  of  the  line-segment  tasks  in  these  experiments  consisted  of  connected  strokes, 
there  is  some  degree  of  “co-ography”  here,  more  so  in  Experiment  3  than  in 
Experiment  2.  One  suspects  that  the  effective  linearity  may  strengthen  with  isolated, 
iterative  strokes. 

Comparing  the  items  in  Experiment  2  with  those  in  Experiment  3,  the  RTs  were,  on 
average,  21 .6  msec  faster  for  the  former,  with  differences  ranging  from  1 4  to  33  msec. 
The  differences  for  lengths  I  5  arc  all  highly  significant  (p  •  .002).  There  is  also  a 
significant  effect  of  items  for  both  experiments  (p  <  .002).  This  provides  some 
indication  that  subjects  treated  line  segments  and  curves  differently. 

If  the  unit  of  programming  in  handwriting  is  a  complete  cycle  al  one  phase  setting 
of  agonist  antagonist  muscles,  as  argued  by  the  spring  model.  ‘  then  the  l.ttency 
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functions  should  increase  from  stoke  2  to  stroke  4  in  Experiment  2  and  from  stroke*  2 
to  4  to  6  in  Experiment  3,  since  these  arc  the  items  with  complete  phase  cycles  \ 
significant  increase  was  found  for  Experiment  2  (p  <  .002);  however,  no  appreciable 
RT  difference  was  detected  for  Experiment  3.  Thus,  phase  cycles  could  be  a  significant 
factor  in  programming  connected,  alternating  straight-line  segments,  but  do  not  seem 
to  be  a  determinant  in  planning  handwriting  sequences  with  continuous  curved  lines 

The  letter  has  also  been  advanced  as  a  possible  unit  of  programming  Hulstijn  and 
van  Galen1'  found  a  linear  increase  in  RT  with  a  sequence  length  of  1  to  4  letters, 
although  the  slope  of  this  latency  function  decreased  rapidly  w  ith  practice.  Consider¬ 
ing  that  V  and  Ware  each  single  letters,  if  the  unit  were  this  large,  one  would  expect  a 
flat  latency  function.  The  difference  in  the  mean  latencies  is  significant,  however  (p 
.002).  The  same  finding  holds  true  for  comparison  of  the  letters  n  and  a/  in  Experiment 
3  (p  -  .01).  Thus,  it  would  seem  that  in  this  context  the  letter  was  not  an  integrated 
unit. 

Another  possibility  to  be  considered  here,  and  one  that  seems  most  promising,  is 
that  the  unit  by  which  the  program  for  handwriting  output  is  built  up  is  the 
downstroke.  Taking  into  account  just  the  number  of  downstrokes  in  Experiment  2.  we 
find  that  RT  increases  from  196  msec  for  one  downstroke  to  198  msec  for  two  to  204 
msec  for  three.  Similarly,  in  Experiment  3.  RT  increases  from  209  msec  for  it  to  21  S 
msec  forut.  An  efficient  way  to  mentally  or  verbally  code  the  task  sequences  is  by  using 
a  form  of  rhythmic  notation,  that  is.  "l-and"  =  V;  “l-and-2"  -  H.U:  "l-and-2-and" 
W'.ui;  “l-and-2-and-3"  *  M4.  An  analogy  can  be  drawn  here  to  the  idea  of  Sternberg  et 
al.  that  the  stress  group  is  a  unit  of  programming  in  speech  where  a  primary  stress  can 
be  followed  by  one  or  two  unstressed  sy  llables  or  words  to  form  a  unit. 


Movement  Time 

Eiger t  4  shows  the  mean  duration  or  total  movement  times  (that  is.  the  time  from 
the  first  movement  of  the  pen  until  the  end  of  the  last  stroke)  for  each  sequence  length 
in  Experiments  2  and  3.  Data  from  both  experiments  are  well  described  by  linear 
functions,  indicating  that  mean  duration  increased  approximately  linearly  with  the 
length  of  the  sequence.  Using  a  least-square  method  for  linear  regression,  a  slope  of 
1  12  msec  was  obtained  in  Experiment  2.  while  a  slope  of  95  msec  was  obtained  in 
Experiment  3.  The  quadratic  component  predicted  by  the  model  of  Sternberg  er  al 
was  not  evident  here.  Rather,  each  stroke  added  a  constant  amount  of  time  to  l he  total 
duration.  However,  the  slopes  of  the  fitted  linear  functions  dilfer  significantly  between 
experiments,  with  durations  for  the  items  in  Experiment  2  being  IS  msec  slower  on 
average.  Thus,  although  the  writing  of  these  items  is  initiated  reliably  faster,  it  is 
carried  out  more  slowly.  Worthy  of  mention  is  the  highly  significant  ip  .002) 
difference  between  the  means  for  n  3  and  n  5  in  the  two  experiments  It  can  be  seen 
that  the  items  written  more  slowly  arc  those  in  Experiment  2.  which  end  in  a 
downstroke  with  an  incomplete  phase  resolution.  This  suggests  that  a  similar  mecha¬ 
nism  may  be  effective  for  RT  and  MT  and  contributes  further  evidence  that  the  phase 
cycle  and  the  dow  nstroke  may  delimit  a  unit  of  programming  in  handwriting  it  may  be 
argued  that  the  items  for  n  3  and  n  -  5  in  Experiment  3  also  end  in  a  downstroke  with 
an  incompctc  phase  cycle,  but  show  no  significant  departure  from  linearity.  One 
possible  explanation  is  that  subjects  indeed  treated  the  items  in  the  two  experiments 
differently,  with  the  downstroke  of  a  curved  segment  not  being  as  well  defined 
Admittedly,  this  interpretation  is  speculative. 
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Discussion 

The  results  of  these  experiments  seem  to  indicate  that  the  unit  of  programming  in 
handwriting  may  be  smaller  than  the  letter,  at  least  in  certain  contexts.  There  i-  some 
evidence  that  the  downstrokc  may  be  a  significant  factor  in  determining  the  boundaries 
of  a  unit.  The  number  of  complete  phase  cycles  may  play  a  role  in  distinguishing  units 
in  Experiment  2.  but  there  is  clearly  no  difference  in  RT  among  items  with  differing 
numbers  of  complete  phase  cycles  in  Experiment  3.  It  may  be  that,  in  the  case  of 
temporally  overlapping  curved  segments,  once  a  particular  phase  is  set  an>  number  of 
cycles  may  be  run  off.  In  other  words,  there  are  no  differential  effects  of  interactive 
phases  evident  in  the  reaction-time  interval.  Considering  the  \1T  data,  items  with 
complete  phase  cycles  are  more  alike  in  the  two  experiments  than  the  other  items, 
indicating  a  possible  significance  of  this  factor. 
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FIGl'RE  4.  Duration  of  sequence  in 
msec  for  each  of  the  line  and  line-curse 
segment  experiments  plotted  as  a  func¬ 
tion  of  stroke  number 
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GENERAL  DISCI  SSION 

The  main  result  obtained  in  the  first  experiment,  namely,  an  effect  of  reducing  the 
opportunity  for  advance  planning,  upon  the  stroking  characteristics  of  the  first  letter  of 
the  sequence,  seems  to  indicate  that  subjects  began  to  write  before  they  were  fully 
prepared,  then  adjusted  their  motor  program  on-line.  In  this  “reparameteri/ation'' 
condition  they  may  not  have  taken  time  to  complete  programming  prior  to  movement: 
therefore,  the  process  of  adjusting  the  program  may  have  lingered  over  into  the 
execution  of  the  first  stroke.  Thus,  size  prescription  (force  time  relationship)  of  a 
handwriting  sequence  seems  to  be  an  integral  aspect  of  a  motor  program. 

The  notion  of  space  time  invariance17  is  supported  by  similarities  in  stroke 
parameters  for  length  and  velocity.  The  shape  of  the  duration  curve  also  indicates  the 
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presence  of  an  invariani  timing  eharaetcristie.  Thus,  the  ability  to  program  or  pier  a 
handwriting  sequence  in  advance  can  be  seen  to  alfcct  the  RT  interval,  and  to  carry 
over  into  the  characteristics  of  the  movement  itself,  w  hile  the  ratios  among  the  strokes 
remain  relatively  intact.  Time  and  space,  letter-si/e  in  this  case,  are  then  not 
necessarily  consequences  of  each  other,  but  may  be  general  organizational  principles 
underlying  handwriting. 

Information  about  the  elements  of  organization  in  handwriting  is  addressed  by 
focusing  on  the  results  of  the  last  two  experiments.  Tentative  evidence  is  provided  for 
the  downstroke,  possibly  integrated  in  some  way  with  the  phase  cycle,  to  be  a  unit  of 
programming  in  these  handwriting  tasks.  Incidental  support  is  found  for  Sternberg  cl 
al.'s  '  idea  of  a  length-dependent  increase  in  RT.  although  a  quadratic  component  for 
MT  was  not  evident.  The  general  indication  seems  to  be  in  agreement  with  keelc  and 
Wing:'  that  timing  is  not  only  an  integral  part  of  motor  sequencing,  but  also  aids  in  the 
specification  of  programming  units.  It  has  been  demonstrated  in  these  experiment' 
that  some  aspect  of  relative  timing  is  invariant  in  the  stroking  characteristics  for  a 
handwriting  sequence  and  that  particular  details  of  timing  within  the  sequence,  such  as 
rhy  thmical  patterning  perhaps,  are  related  to  the  preparatory  time  interval  in  terms  of 
unit  specification  and  total  time. 
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The  Patterning  of  Time  and 
Its  Effects  on  Perceiving 


MARI  RIE^S  JONES 

Department  of  Psychology 
The  Ohio  State  University 
Columbus.  Ohio  43210 


The  problem  addressed  here  involves  the  patterning  of  events  in  time  and  the  way  this 
patterning  influences  a  person's  attention  to  and  perception  of  pitch  relationships  that 
are  embedded  within  simple  music-like  tonal  sequences.  This  paper  reports  the 
outcome  of  the  first  of  several  experiments  on  this  problem  that  I  have  been  conducting 
at  Ohio  State  with  the  invaluable  assistance  of  Beth  Marshburn  and  Gary  Kidd.  These 
studies  all  consider  the  special  effects  that  might  arise  from  some  larger  rhythmic 
context,  one  that  is  set  up  within  the  experimental  session  itself,  upon  a  person's  ability 
to  recognize  melodic  relationships  within  individual  auditory  patterns. 

The  general  idea  involves  manipulation  of  the  rhythmic  context  afforded  by  certain 
patterns  and  pairs  of  patterns  in  a  melodic  recognition  task.  A  melody  recognition  task 
is  a  task  wherein,  on  any  given  trial,  in  a  multiple-trial  experimental  session,  a  person 
hears  two  auditory  patterns,  the  first  one  being  a  standard  pattern  and  the  second  being 
a  comparison  pattern.  The  listener’s  task  is  to  decide  whether  the  second  melody  is  the 
same  or  different  from  its  standard,  when,  in  fact,  half  of  the  time  it  contains  some 
melodic  changes  of  interest,  in  the  present  case  we  are  interested  in  a  change  involving 
the  pitch  of  a  single  note  in  the  comparison  pattern.  Effectively  this  changes  two  pitch 
intervals  in  that  pattern,  where  pitch  intervals  refers  to  the  pitch  distance  between  a 
pair  of  notes. 

Fiat  ri  1  shows  a  typical  recognition  trial  in  one  of  our  studies:  a  listener  hears  a 
warning  tone;  then,  after  a  pause,  the  standard  pattern  of  a  pair  occurs,  and  it  is 
followed  then  by  the  comparison  pattern;  finally,  a  response  period  of  6  seconds  is 
presented.  The  patterns  are  temporal  patterns,  each  involving  12  square-wave  tone* 
with  fundamental  frequencies  corresponding  to  tones  of  the  C  major  scale.  Plot  Rt  1 
also  shows  a  typical  standard  and  comparison  melody  based  on  these  notes.  Compari¬ 
son  melodies,  if  they  differed  from  the  standard,  would  always  preserve  its  basic  shape 
and  the  changed  note  would  still  be  consistent  with  the  key  of  C  ma  jor.  In  this  example, 
a  changed  comparison  pattern  is  shown:  the  pitch  of  the  note  occurring  at  the  1  1th 
serial  position  is  shifted  up  one  scale  step,  changing  its  relative  distance  from 
immediately  neighboring  notes.  A  deviation,  if  present,  could  occur  at  one  of  three 
different  serial  positions. 

We  created  many  such  melodies  using  some  systematic  rules  for  arranging  pitch 
intervals  and  contour.  And  since  all  patterns  were  necessarily  temporal  in  nature,  the 
melodics  so  constructed  also  had  a  rhythm.  Indeed,  rhythm  was  the  variable  of  major 
interest  here.  The  pair  of  melodics  presented  on  any  given  trial  always  shared  the  same 
rhythm,  but  rhythm  could  differ  between  pairs  of  patterns  encountered  on  different 
trials  in  an  experimental  session.  A  given  pair  of  patterns  was  developed  either  in  an 
isochronous  rhythm  or  in  what  is  termed  here  a  duple  rhythm.  These  two  rhythms  are 
shown  in  Figuri  2.  The  isochronous  rhythm  is  based  on  a  recurrent  stimulus 
onset  asynchrony  (SOA)  of  300  msec,  whereas  the  duple  rhythm  consists  of  a 
long  short  time  pattern  with  alternating  SOAs  of  300  msec  and  200  msec,  respec- 
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FIGURE  I.  A  single  trial  presented  a  listener  with  a  standard  melodic  pattern  {top)  and  then  a 
comparison  ( bottom )  when  the  comparison  contained  (half  of  the  time)  a  changed  tone  {broken 
line). 


tively.  (In  both  rhythms,  these  SOAs  reflect  primarily  tonal  durations;  off-times 
between  tones  were  constant  at  5  msec.)  Obviously,  the  difference  between  the  two 
rhythms  is  that  the  duple  rhythm  introduces  agogic  (that  is.  time-based)  accents 
through  relatively  lengthened  events.  These  accents  fall  on  the  first  tone  in  a  pattern 
and  on  all  odd-numbered  serial  locations.  Musically  speaking,  it  is  possible  to  indicate 

the  duple  rhythm  as  |J.J  I  and  the  isochronous  as  iJ-J-lorlJ.J.J  •  j.  and  so 

forth,  where  J  =  200  msec.  Both  rhythms,  however,  hold  constant  (at  300  msec)  the 

duration  of  a  changed  note  (at  serial  positions  5,  7.  and  1 1 ,  shown  by  arrow  s  in  F  Kit  Kt 
2)  w  hen  such  occurs  in  a  comparison  pattern. 

Our  interests  in  the  effects  of  rhythm  upon  melody  recognition  have  arisen  for 
several  reasons.  One  reason  involves  purely  experimental  considerations.  In  a  number 
of  earlier  studies  we  uncovered  some  intriguing  effects  of  rhythmic  context  upon 
judgments  about  temporal  aspects  of  pattern  structure  such  as  temporal  order  and  tone 


Two  Rhythms 


Isochronous 


300  300 


3  4  5  5  7  8  9 


FIGURE  2.  Two  rhythms  used  in  the  present  study:  The  isochronous  rhythm  ttnp)  has  an  SO  \ 
of  300  msec  throughout,  while  the  duple  ( bottom )  has  alternation  of  SOAs  of  too  msec  and  'no 
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duration.  In  these  studies,  there  was  some  suggestion  that  when  rhythm  is  varied  as  a 
within-subject  so  that  a  listener  encounters  several  different  rhythms  within  a  single 
experimental  session,  overall  performance  is  lowered  relative  to  the  case  where  rhythm 
is  treated  as  a  betwecn-subject  variable.1 :  In  the  present  series  of  studies  we  extend  this 
investigation  to  the  examination  of  recognition  judgments  about  the  nontemporal 
structure  of  melodies,  namely  to  perception  of  pitch  relationships  embedded  within  a 
melody. 

Our  interest  in  choosing  to  extend  this  investigation  specifically  to  perception  of 
melodic  relationships  highlights  another  motivation  for  this  research.  There  is  also  a 
theoretical  reason  for  this  inquiry.  Briefly,  this  relates  to  ideas,  which  I  have  developed 
elsewhere,  that  attending  to  dynamic  patterns  is  itself  a  dynamic  activity  responsive  to 
relative  time  relationships  within  unfolding  patterns.'4  This  means  that  the  rhythms  of 
patterns  encountered  by  a  listener  can  guide  attending  so  as  to  prepare  the  listener  for 
“when"  certain  future  serial  events  will  occur.  In  this  view,  perceiving  the  musical 
relationship  between  a  pair  of  tones  will  be  more  accurate  if  attentional  energy  is 
targeted  to  the  temporal  occurrence  of  this  tonal  interval.  The  idea  is  that  a  person 
abstracts  rhythmic  invariants  and  uses  these  to  guide  attending.  This,  in  turn, 
immediately  raises  the  issue  of  the  internal  “representation"  of  rhythm.  Without 
belaboring  this  issue,  let  me  simply  state  that  I  find  it  most  parsimonious  to  subscribe 
to  a  biological  model  and  to  merely  assume  that  all  organisms  are  essentially  rhy  thmic. 
Others  who  have  considered  the  timing  and  coordination  of  motor  productions  have 
made  similar  assumptions. >  h  From  the  perspective  of  an  attentional  theory,  this  means 
that  when  one  encounters  temporally  patterned  energy  in  the  environment,  one  is 
capable  of  responding  in  kind  with  one's  own  physical,  attentional  energy  in  a  sort  of 
“act  of  sy  nchrony."  Through  this  act,  internal  organismic  rhythmicities  are  awakened, 
and  1  assume  that  these  help  to  guide  future  attending  over  time.  Indeed,  when  we 
consider  that  rhythm  is  defined  in  terms  of  relationships  between  time  periods,  it  is  not 
unreasonable  to  assume  that  abstracted  rhythmic  invariants  guide  attending  over 
several  time  periods  simultaneously  where  relatively  smaller  time  intervals  arc- 
contained  in  (nested)  relatively  longer  ones.'’’ 

In  the  present  study,  the  rhythms  involved  can  be  described  in  terms  of  invariant 
time  ratios  that  obtain  between  neighboring  and  remote  events.  For  example,  the  ratio 
of  SOAs  between  neighboring  events  in  the  isochronous  rhythm  is  1/1  whereas  for  the 
duple  rhythm  it  is  3/2.  Such  ratios  specify  temporal  grouping  (or  lack  of  it).  That  is. 
because  the  isochronous  rhythm  has  a  ratio  of  1  / 1 ,  for  a  sequence  of  1  2  tones,  it  lends 
itself  to  several  potential  groupings  with  accents  on  every  other  note,  lor  example,  or  on 
every  third,  or  every  fourth  note.  The  duple  rhythm,  however,  tends  to  suggest 
lower-order  groups  of  two  notes  with  the  first  clement  accented.  At  the  higher  temporal 
level,  both  rhythms  permit  equal  spacing  of  accents  in  time,  although  the  actual 
periods  between  accents  differ  for  the  two  rhythmic  types.  For  example,  even  if  both 
patterns  are  grouped  in  twos,  the  higher-order  time  period  operating  between  accents 
in  the  isochronous  rhythm  spans  600  msec,  whereas  that  of  the  duple  spans  500  msec. 

Thus,  if  temporal  contexts  can  direct  attending  “toward"  or  "away  front"  certain 
temporal  locations,  this  may  enhance  or  retard  pickup  of  related  melodic  information. 
Targets  of  temporally  guided  attending  are  accents.  By  manipulating  the  rhythmic 
context  to  induce  accenting  within  individual  melodic  sequences,  we  recently  found 
evidence  to  support  this  prediction.’*  In  this  study,  we  held  constant  the  melodic  and 
temporal  relationships  between  three  central  tones  within  nine-tone  auditory  sequences 
while  varying  the  timing  of  the  surrounding  tones.  When  contextual  timing  induced 
attentional  targeting  to  the  temporal  location  of  a  possible  pitch  change  in  the  central 
lone  group  of  a  comparison  pattern,  persons  were  much  more  accurate  at  identifying  it 
as  different  from  the  standard. 
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In  the  present  study  we  go  farther  and  manipulate  the  rhythmic  environment 
around  a  pair  of  melodies.  From  the  data  afforded  by  the  study  of  Jones.  Bolt/.  rnd 
Kidd8  discussed  above,  we  determined  that  often  the  regularity  of  isochronous  rhy  ti  ns 
is  as  effective  as  certain  agogic-accent  patterns  in  directing  attending  to  critical  se  il 
positions  within  a  sequence  of  events.  Thus,  in  the  present  study  we  anticipated  that  ae 
two  rhythms  we  selected  might  be  of  comparable  effectiveness  in  guiding  attendin'' 
within  a  pattern  or  over  a  pair  of  patterns  sharing  that  rhythm  on  any  given  trial,  all 
other  things  equal.  But  we  are  interested  in  effects  that  might  emerge  over  trials  if 
these  two  rhythms  were  combined  in  a  single  session.  Is  it  possible  that  the  temporal 
structure  of  surrounding  pattern  pairs  (that  is,  those  occurring  on  other  trials) 
influences  the  course  of  attending  locally  within  sequences  of  a  given  standard 
comparison  pair?  Since  accent  locations  follow  different  respective  trajectories  in  the 
isochronous  and  duple  rhythms,  when  both  occur  in  a  single  session  could  rhythmic 
carryover  effects  result  that  might  establish  an  occasional  inappropriate  dynamic  set  ' 
If  so,  a  listener  would  target  attending  to  the  wrong  temporal  location  and  thereby  miss 
a  critical  pitch  interval  in  the  standard  or  comparison  melody.  Thus,  experimentally, 
the  question  of  interest  becomes:  Does  it  matter  if  persons  experience  only  one  rhythm 
within  an  experimental  session  or  if  they  experience  two? 

The  experimental  design  addressed  to  answering  this  question  is  outlined  in  T  \m  i 
1 .  Subjects  participated  in  24  trials  on  one  of  the  two  rhythms  (isochronous  or  duple )  in 
a  rhythmic  adaptation  phase  and  then,  without  a  break,  they  participated  in  a  test 
phase  consisting  of  a  total  of  84  more  trials.  In  the  test  phase,  two  kinds  of  trial" 
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occurred:  (1)  context  trials,  which  occurred  in  runs  of  two  and  three  (equally  often), 
and  in  which  mcdolic  pairs  always  preserved  the  adaptation  rhythm:  and  ( 2  i  test  trials, 
which  always  occurred  singly  and  in  which  the  two  melodics  of  a  pair  either  both 
shared  the  adaptation  rhythm  or  they  both  were  switched  to  a  new  test  rhythm.  The 
basic  idea  is  simple:  in  the  adaptation  phase  persons  gel  used  to  anticipating  future 
events  on  the  basis  of  rhythmic  invariants  in  a  given  adaptation  rhythm.  This  rhythm 
continues  into  the  test  phase  as  the  context  rhythm.  If  in  the  test  phase  this  context 
rhythm  is  supplemented  on  test  trials  with  the  same  rhythm,  then  performance  here 
will  be  relatively  good.  On  the  other  hand,  if  in  the  test  phase  a  person  encounters  a 
novel  rhythm  in  addition  to  the  context  rhythm,  there  now  is  some  basis  for 
interference.  On  some  trials  attcntional  rhythmicitics  excited  by  one  rhythm  will 
inappropriately  carry  over  to  the  next  trial  and  thereby  reduce  the  effectiveness  of 
temporal  targeting  of  attention.  In  terms  of  the  relative  timing  of  points  where  deviant 
pitch  relationships  could  occur,  the  two  rhythms  differ  and  so  abstraction  of  the 
rhythmic  invariants  of  one  should  inappropriately  guide  attending  in  the  other  T  Inis, 
when  text  and  context  rhythmicitics  differ,  performance  in  melody  recognition  should 
suffer. 

To  summarize,  two  different  rhythms  were  used  to  study  the  effects  of  larger 
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temporal  context  in  inducing  attentional  targeting  over  time.  In  an  adaptation  phase, 
where  listeners  experienced  only  one  of  the  rhythms,  large  differences  in  melodic 
recognition  were  not  expected.  In  a  test  phase  where  listeners  could,  in  some  conditions, 
experience  a  combination  of  both  rhythms,  melody  recognition  performance  was 
expected  to  be  poorer  than  in  the  case  when  listeners  encountered  the  same  rhythm  on 
all  trials.  In  short,  in  the  test  phase  we  predicted  a  context  rhythm  by  test  rhythm 
interaction  wherein  performance  was  poorer  whenever  context  and  test  rhythms 
differ. 


METHOD 

Subjects 

Sixty  subjects  participated  in  the  experiment  in  return  for  credit  in  an  introduc¬ 
tory  psychology  course.  Twelve  subjects  were  eliminated  on  the  basis  of  failure  to  differ 
significantly  from  chance  performance  during  adaptation.  Questionnaires  indicated 
that  subjects  had  a  background  of  musical  study  ranging  from  0  years  to  1 3  years.  The 
median  number  of  years  of  music  study  was  3.5  years  for  the  4S  individuals  w  hose  data 
were  analyzed. 


Apparatus 

All  tones  were  square  waves  generated  by  a  Wav»'*ck  Model  1 54  waveform 
generator  controlled  by  a  Cromemco  Z-2  microcomputer.  A  20-msec  rise  and  a 
20-msec  fall  time  was  imposed  on  each  tone.  Stimulus  sequences  were  tape-recorded  on 
a  Nakamichi  LX-3  cassette  recorder.  Prior  to  recording,  all  tones  were  equated  for 
subjective  loudness  according  to  criteria  of  three  judges. 

The  prerecorded  tapes  were  played  on  a  Tandberg  Model  TCD  310  MK  II  cassette 
recorder  at  a  comfortable  listening  level  over  AK.G  K-240  headphones. 


Materials 

Melodic  manipulations  involved  a  total  of  18  standard  patterns  Each  pattern 
consisted  of  12  tones  arranged  serially  according  to  rules  applied  to  the  C  rtiaior 
diatonic  scale.  Patterns  were  all  constructed  using  the  follow  ing  guidelines:  Regardless 
of  a  pattern’s  initial  tone  (w  hich  was  randomly  selected),  the  scale  distances  between 
note  pairs  spanning  serial  locations  I  2,3  4,5  6.  7-8.  9  10.  and  I  I  I  2  were  constant 
withina  pattern.  These  distances  could  realize  either  t  I.  -2,  or  •  3  scale  steps  ( that  is. 
next  V,  rules  where  j  •  I.  •  2.  •  3).  This  constraint  provided  a  basis  tor  grouping 
notes  into  pairs  within  a  sequence.  Contour  was  also  systematically  varied  so  as  to 
provide  an  alternative  basis  for  grouping  involving  clusters  of  three  tones  having  a 
common  pitch  trajectory  (for  example  *  »  or  ).  This  was  realized  through 

constraints  imposed  upon  the  pitch  interval  connecting  successive  pairs  of  tones  within 
a  sequence:  the  direction  of  this  interval,  whether  up  (  a  )  or  down  (  )  in  pitch,  was 

selected  so  as  to  induce  sets  of  at  least  three  ascending  or  descending  tones  Ih'is. 
pattern  contours  could  be  of  the  form  +-  +  or  .  . 

*-  -  .  and  so  forth.  The  result  of  these  two  kinds  of  rules  was  a  large  set  of 

melodies  that  afforded  grouping  into  pairs  or  into  triplets  of  tones.  The  underlying 
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rationale  was  to  build  a  set  of  melodies  potentially  compatible  with  grouping  properties 
of  a  range  of  rhythms.  From  this  set  a  number  of  resulting  melodies  were  eliminated 
using  the  following  criteria:  (1 )  Melodies  containing  two  temporally  adjacent  occur¬ 
rences  of  a  given  tone;  (2)  melodies  containing  successive  tone  groups  that  were  either 
identical  or  were  exact  reversals  (for  example.  A*  G4  E4  G4  A4  within  a  sequence  was 
not  allowed);  (3)  melodies  with  notes  below  G3  or  above  Gs. 

From  each  of  the  18  remaining  standard  melodies,  four  types  of  comparison 
melodies  were  constructed;  ( I )  same  comparison  in  which  the  comparison  pattern  was 
identical  to  the  standard;  (2)  deviant  comparison  with  a  changed  note  at  the  fifth  serial 
position  (SP5);  (3)  deviant  comparison  with  a  changed  note  at  the  seventh  serial 
position  (SP7);  (4)  deviant  comparision  with  a  changed  note  at  the  eleventh  serial 
position  (SP1 1).  Any  deviant  note,  if  it  occurred,  never  occurred  at  an  extreme  point 
(that  is,  highest  of  lowest  note  of  pattern)  in  the  pattern  and  it  was  always  an  in-key 
contour-preserving  note  change  of  either  ±  1  or  ±2  semitones  (ST)  (with  the  majority 
involving  a  2-ST  shift). 

Pairs  of  standard  and  comparison  patterns  were  constructed  and  arranged  in  two 
different  random  orders.  In  each  order,  half  of  the  time  the  unchanged  comparison 
patterns  were  paired  with  the  standard  and  half  of  the  time  a  deviant  comparison  was 
paired  with  the  standard  (with  deviant  comparisons  involving  SP4,  SP7,  and  SP11 
occurring  equally  often).  The  ordering  of  pattern  pairs  was  constrained  according  to 
experimental  design  requirements  that  a  given  session  contain  an  adaptation  phase,  in 
which  pattern  pairs  occurred  only  in  a  context  rhythm,  and  a  test  phase,  in  which 
pattern  pairs  could  appear  in  either  the  pre-established  context  rhythm  or  in  a  test 
rhythm.  The  adaptation  phase  consisted  of  24  trials  of  randomly  ordered  pattern  pairs 
arising  from  four  different  standard  melodics.  The  test  phase  consisted  of  84  trials  of 
which  60  were  termed  context-rhythm  trials  and  24  were  termed  test-rhythm  trials. 
The  constraint  in  the  test  phase  was  that  a  single  test-rhythm  trial  was  programmed  to 
occur  (equally  often)  after  either  two  or  three  context-rhythm  trials.  Within  both  the 
context-rhythm  and  test-rhythm  trials  sets,  equal  numbers  of  “same"  and  "different" 
standard  comparison  pairs  occurred.  Melodies  in  the  test  phase  were  based  on  the 
remaining  14  standard  patterns  not  used  in  the  adaptation  phase. 

Rhythmic  manipulation v  involved  imposing  upon  these  melodies  one  of  two 
rhythms,  depending  upon  the  experimental  conditions.  The  rhythms,  isochronous  and 
duple,  are  shown  in  Tabu  1.  The  isochronous  rhythm  was  based  upon  stimulus  - 
onset  asynchrony  (SOA)  of  300  msec;  the  duple  rhythm  was  a  long  short  recurrent 
pattern,  wherein  the  300-msec  tone  was  now  relatively  long  and  the  200-mscc  tone  was 
shorter,  thus  placing  agogic  accents  on  serial  positions  I.  3.  5.  7.  9.  and  1  1.  assuming 
that  the  longer  events  would  be  heard  as  accented.  (This  was,  in  fact,  the  case 
according  to  several  independent  judges.) 


/Awig/i 

T  he  design  consisted  of  an  adaptation  phase  and  a  test  phase  and  data  from  the  two 
phases  were  analyzed  separately.  In  the  adaptation  phase,  context  rhythm  (isochron¬ 
ous.  duple)  and  test  rhythm  (isochronous,  duple)  conditions  yielded  a  2  *  2 
betwecn-subjects'  factorial  design.  In  the  test  phase,  a  2  x  2  x  2  factorial  design 
involved  context  rhythm  (isochronous,  duple),  test  rhythm  (isochronous,  duple)  and 
triai  type  (context,  test).  Only  trial  type  was  a  within-subjccts"  variable  Twelve 
sublets  were  randomly  assigned  to  each  of  the  four  context  x  test  conditions 
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Procedure 


Subjects  were  instructed,  via  prerecorded  tapes,  that  they  had  to  judge  whether  the 
second  melody  of  a  pair  contained  a  single  changed  note  (they  received  an  illustrative 
diagram)  on  each  of  a  series  of  trials.  They  were  told  that  half  the  time  the  second 
melody  would,  in  fact,  be  dilVercnt  from  the  first  and  furthermore  that  a  change  would 
never  violate  the  contour,  or  shape,  of  the  melody,  only  the  pitch  distance.  They 
responded  to  each  pair  in  writing  by  checking  "same"  or  “different,"  plus  indicating 
certainty  in  their  judgment,  using  a  score  of  1  -5  ( I  =  very  certain.  5  uncertain). 

Participants  listened  to  the  melodies  over  A  KG  (Model  K-240)  headphones  and 
responded  to  a  total  of  108  trials  plus  two  practice  trials.  A  high-pitched  I  -sec  warning 
tone  (3,500  H/)  signaled  the  onset  of  each  trial.  This  was  followed  by  a  2-sec  silence 
and  then  by  the  pair  of  patterns  separated  from  one  another  by  a  3-sec  pause.  A  6-sec 
response  interval  intervened  between  the  offset  of  a  comparison  pattern  and  the  on^e! 
of  a  w  arning  tone  signaling  the  next  trial. 

Subjects  were  tested  in  groups  of  two  to  four  persons,  but  they  were  individually 
separated  from  one  another  by  partitions,  within  a  sound-deadened  room. 


RESULTS 

Scoring 

Both  PC.  proportion  correct,  and  ,4e,  a  nonparamctric  ROC  measure  of  recognition 
accuracy,  were  computed  for  each  subject.  The  .4,  score  is  computed  by  the  trape/oidai 
rule'10  based  on  a  program  developed  by  Davison  and  Jagacinski.11  An  Ae  score 
estimates  unbiased  recognition  accuracy  in  the  two-choice  care  where  chance  is  .50.  An 
Ag  score  of  1.00  reflects  perfect  discrimination  and  .50  is  random  guessing.  Analy  ses 
were  carried  out  on  both  dependent  measures  with  results  essentially  equivalent  for 
both.  For  this  reason,  only  the  results  of  Ag  arc  reported  here. 


Adaptation  Phase 

The  four  different  groups  of  subjects  who  were  assigned  to  context  test  combina¬ 
tions  in  the  test  phase  were  compared  with  respect  to  their  performance  on  the  first  24 
adaptation  trials.  No  significant  differences  among  the  four  groups  was  observed  /•  (  1 . 
44)  •  I  for  the  context-by-tcsl  interaction,  indicating  that  these  subjects  were 
performing  indistinguishably  from  one  another  prior  to  the  test  phase.  It  is  also 
important  to  note  that  melody  recognition  accuracy  was  not  significantly  affected  bv 
the  context  rhythm  (isochronous,  duple)  in  adaptation.  These  rhythms  were  equally 
effective  in  determining  recognition  accuracy.  h'(  1 . 44)  •  1 .00. 


Test  Phase 

Means  and  standard  deviations  for  Ag  scores  as  a  function  of  context  test 
combinations  for  these  two  trial  types  are  in  Tabus  2  and  3.  In  all  conditions 
performance  was  significantly  above  chance  levels  on  this  measure  ( p  .05).  The  data 
in  Tables  2  and  3  show  that  in  both  test  and  context  trials  subjects  were  better  in  those 
conditions  where  the  rhythms  remained  the  same  across  context  and  test  trials  h.m 
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table  2.  Means  and  Standard 

Deviations  (Ag)  on 

Context  Trials  in  Test 

Context 

Test  Rhythm 

Rhythm 

Isochronous 

Duple 

Isochronous 

Mean 

.68 

.50 

S.D, 

.10 

111 

Duple 

Mean 

.59 

S.D 

.08 

00 

when  the  rhythms  differed.  Overall,  the  contcxt-by-text  rh>thm  interact w.n 
statistically  significant,  F(l.  44)  -  4.40  ,p  <  .05.  A  significant  three-way  interaction  os 
trial  type  with  context-by-test  rhythm  did  not  ge,  indicating  that  introduction  of  a 
novel  test  rhythm  during  the  test  phase  has  a  pe.  vasive  effect.  Subjects  are  not  merely 
unable  to  lock  into  this  new-  rhythm,  but  there  is  also  a  pronounced  "boomerang "  effect 
which  lowers  performance  with  the  contextual,  or  adapted-to.  rhythm  when  a  novel  test 
rhythm  is  suddenly  inserted  into  the  experimental  session. 


DISCISSION 

The  data  are  consistent  with  the  hypothesis  that  the  larger  rhythmic  context  within 
an  experiment  can  influence  attending  to  serial  relationships  that  are  not  primarily 
temporal.  Poorer  performance  observed  in  the  test  phase  for  listeners  who  experienced 
two  rhythms  suggests  the  importance  of  temporal  patterning  in  guiding  attending. 

However,  even  in  conditions  where  performance  is  best,  namely,  in  the  unchanged 
rhythm  conditions,  melody  recognition  does  not  appear,  at  least  superficially,  to  be 
exceptionally  good  (that  is,  Ae  scores  of  ,66-.72).  But  this  is  deceptive.  If  we  weigh  this 
performance  against  what  is  known  about  melody  recognition  in  comparable  situa¬ 
tions,  this  study  actually  reflects  fairly  good  performance.  That  is.  the  pattern 
recognition  task  was  difficult  for  at  least  three  reasons:  (a)  all  pitch  interval  deviations 
reflected  in-key  violations;  and  (b)  all  pitch  interval  deviations  did  not  break  contour; 
and  (c)  all  patterns  were  relatively  long  (12  tones).  The  work  of  Lola  Cuddy  and 
Jay  Dowling14  has  shown  repeatedly  that  the  first  two  features  lead  to  very  poor 
melody  recognition.  And  my  own  research,  as  well  as  general  expectations,  suggest 
pattern  recognition  difficulty  increases  with  pattern  length.  When  these  facts  arc- 
considered,  it  turns  out  that  performance  in  the  present  task  is  relatively  good. 

Thus,  it  appears  that  when  fairly  subtle  pitch  changes  in  a  melody  were  introduced. 


table  J.  Means  and  Standard  Deviations  (A,.)  on  Test  Trials  in  Test  Phase 


Context 

Test  Rhythm 

Rhythm 

Isochronous 

Duple 

Isochronous 

Mean 

.64 

.65 

S.D. 

.16 

15 

Duple 

Mean 

.66 

7.t 

S.D 

.11 

1 1 
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it  helps  to  be  able  to  anticipate  “when"  in  time  these  changes  will  transpire  I  should 
mention  that  these  findings  are  not  encompassed  by  proposals  that  emerge  from  recent 
research  on  temporal  coding  such  as  Povcl's  or  Handel's. '*  T  his  research  is  related  to 
the  present  study  in  that  it  reveals  the  psychological  salience  of  time  ratios  on 
performance  in  tapping  tasks.  But  the  formal  descriptions  of  performance  in  tapping 
tasks  tire  concerned  primarily  with  the  effects  of  temporal  structure  on  temporal 
reproduction.  Here,  we  lind  effects  of  temporal  structure  on  melody  recognition.  The 
present  data  provide  evidence  for  the  general  influence  of  higher-order  temporal 
context  upon  attending  and  perceiving  in  auditory  sequences. 

There  are  some  pragmatic  implications  of  these  findings.  T  he  most  obvious  ore  is 
that  the  decision  to  treat  rhythm  as  a  between-  or  within-subject  variable  should  not  be 
made  lightly.  Furthermore,  we  must  weigh  cautiously  the  generality  of  conclusions 
about  listeners'  performance  levels  in  tasks  that  have  exposed  participants  to  a  range  o! 
different  rhythms  and  that  have  failed  to  take  account  of  possible  contextual  effect' 

Finally,  consider  some  theoretical  implications  of  these  findings  One  tempting 
means  of  conceiving  of  these  effects  at  a  more  genera!  level  involves  the  idea.  o< 
temporal  uncertainty.  That  is,  one  could  attempt  to  devise  some  metric  that  would 
reflect  the  fact  that  addition  of  a  novel  rhythm  in  certain  conditions  merely  adds  to  the 
uncertainty  about  a  pattern's  rhythmic  scheme  But  is  important  to  be  careful  ab  un 
using  this  term  “uncertainty"  as  a  complete  explanation  of  these  effects  In  the  first 
place,  in  conditions  with  two  rhythms  there  is.  in  fact,  no  uncertainty  on  many  trials 
about  which  rhy  thm  will  occur  on  that  trial  because  of  the  trial-to-tn.il  contingencies 
of  context  and  test  trials.  These  trials  were  not  randomly  arranged  and  furthermo-c 
there  were  more  context  trials  than  test  trials  And.  of  course,  because  standard  and 
comparison  melodies  always  share  the  same  rhythm,  if  this  contingency  is  considered, 
there  is  no  unccruiiniy  about  the  rhythm  of  a  given  comparison  pattern  \\  hen  these 
kinds  of  redundancies  are  considered,  it  quickly  becomes  clear  that  some  information 
metric  based  on  uncertainty  will  be  a  complex  one  subject  to  all  the  problems 
investigators  encountered  in  the  Id60s  using  these  metrics  to  describe  higher-order 
contingencies  in  pattern  structure.1'' 

There  are  other  reasons  why  a  simple  rhythmic-uncertainty  explanation  seems 
incomplete.  It  is  more  descriptive  than  explanatory.  Why  should  uncertainty  in 
rhythmic  structure  affect  sensitivity  to  melodic  structure?  Melodics  remain  the  same 
across  all  four  rhythm  conditions.  One  might  be  tempted  to  rely  here  for  an  explanation 
upon  some  version  of  temporal  parsing  under  uncertainty.  However,  it  seems  that  when 
we  finally  become  quite  specific  about  what  “parsing"  means  and  how  it  is  determined 
in  this  context,  it  is  quite  difficult  to  distinguish  it  experimentally  from  the  simpler 
interpretation,  which  simply  states  that  attending  follows  relative  time  rules  that 
afford  grouping  To  be  sure,  uncertainty  in  temporal  structure  is  in  some  way 
important  to  perception  of  nonlemporal  structure.  My  suggestion  is  that  greater 
uncertainty  ,  in  a  loose,  descriptive  sense,  is  detrimental  because  it  affects  the  reliability 
with  which  the  listener  abstracts  and  uses  appropriate  rhythmic  invariants  to  guide 
responding  On  a  number  of  trials,  a  listener  may  experience  conflicting  rhythmic 
expectations  or  may  simply  rely  upon  the  wrong  vine. 
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INTRODUCTION 

The  work  that  we  shall  report  has  two  facets:  it  relates  to  the  rather  broad  problem  ol 
advance  planning  of  rapid  movement  sequences:  and  it  relates  to  the  question  ot  how 
the  mechanisms  that  control  timing  and  intensity  of  the  component  movements  are 
coordinated  in  such  rapid  sequences. 

The  assumption  that  rapid  movement  sequences  are  planned  in  advance  derives 
from  at  least  two  kinds  of  observations:  those  pertaining,  to  structural  properties  ol  such 
sequences  as  they  arc  executed,  and  those  pertaining  to  the  time  it  takes  to  prepare 
their  execution. 

The  first  approach  is  exemplified  by  Vince's  experiment  in  which  subjects  drew 
vertical  lines  by  continuously  moving  a  pencil  between  two  horizontal  marks.  \V  hen 
these  movements  were  executed  at  a  high  speed,  aiming  errors  were  not  corrected 
between  individual  movements,  but  rather  between  groups  of  movements  ( for  example, 
between  a  first  group  in  which  all  movements  fell  short  of  the  mark,  and  a  second  group 
in  which  all  movements  attained  the  mark),  f  ront  this  observation  the  inference  was 
drawn  that,  under  the  speeded-up  condition  of  movement  execution,  decisions  concern¬ 
ing  movement  extent  were  made  for  groups  of  movements,  rather  than  for  indiv  idual 
movements.  Hence,  the  group  was  "planned"  in  advance  as  a  whole. 

The  second  approach  is  exemplified  by  studies  from  a  number  of  investigators  who. 
following  Henry  and  Rogers'  pioneer  work,-  attempted  to  relate  the  time  cost  til 
programming  a  movement  sequence  to  its  “complexity."  Here  the  basic  idea  is  that  it 
time  to  initiate  a  rapid  movement  sequence  (after  a  “go"  signal!  depends  on  the 
number  of  elements  contained  in  the  sequence,  and/or  on  the  specific  relationships 
between  these  elements,  this  implies  treatment  of  the  sequence  as  a  whole  before  its 
first  element  is  emitted  "  I  realment"  may  mean  that  a  motor  program  is  generated  or 
activated  for  the  execution  of  the  w  hole  sequence,  much  as  Henry  and  Rogers  original 
memory -drum  theory  suggested.  However,  the  minimum  requirement  for  the  advance 
planning  notion  is  that  the  movement  sequence  be  somehow  identified  as  a  p  muciiiar 
response. 

The  reaction  time  (R  I  )  analvsis  of  how  rapid  movement  sequence'  ire  planned 
and  executed  has  been  extensively  applied  to  speech  and  typewriting  '  It  h..s  been 
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amply  demonstrated  that  the  RT  of  a  spoken  or  written  sequence  increases  as  a 
function  of  the  number  of  elements  in  the  sequence  (that  is,  the  number  of  words  or  the 
number  of  keystrokes).  Furthermore,  it  has  been  shown  that  this  factor  also  alFects  the 
timing  of  the  sequence,  that  is,  the  intervals  between  the  component  units. 

The  notion  of  advance  planning  of  rapid  movement  sequences  is  clearly  supported 
by  the  variations  in  RT  provoked  by  the  manipulation  of  the  number  of  elements. 
However,  the  question  can  be  raised  as  to  whether  more  intrinsic  properties  of  a 
sequence,  such  as  the  time  distribution  of  motor  intensities  over  the  elements  it 
contains,  are  also  taken  into  account  before  the  execution  of  the  sequence  starts.  This 
question  seemed  to  us  of  particular  interest,  since  force,  along  with  time,  might 
constitute  a  basic  dimension  in  the  control  of  movements. 

In  a  series  of  previous  experiments,  the  results  of  which  will  be  reported  elsew  here, 
we  asked  subjects  to  produce  rapid  sequences  of  cadenccd  finger  taps  and  to  accentuate 
one  of  them.  The  sequence  always  contained  the  same  number  of  taps  (usually  five), 
but  the  location  of  the  stress  varied  within  the  sequence.  The  main  finding  from  these 
experiments  was  that  when  the  serial  position  of  the  element  to  be  stressed  was 
indicated  to  the  subject  by  the  go  signal  (a  choice  RT  condition),  the  RT  of  the 
sequence  was  considerably  longer  than  when  the  subject  received  such  information 
prior  to  the  go  signal  (a  simple  RT  condition). 

One  possible  interpretation  of  this  "stress  position  uncertainty"  effect  is  that  stress 
location  differentiates  the  whole  sequence  as  a  particular  response.  RT  would  then 
increase  because,  prior  to  its  initiation,  the  required  response  must  be  identified,  and 
perhaps  programmed  in  accordance  with  the  time  and  force  distribution  properties  of 
the  sequence.  Since  RT  is  known  to  increase  as  a  function  of  the  number  of  equally 
likely  response  alternatives,'  the  obvious  prediction  from  the  above  interpretation  is  the 
following:  RT  of  rapid  sequences  of  cadenccd  finger  taps  should  increase  as  a  function 
of  the  number  of  equally  likely  locations  of  the  stressed  tap  within  the  sequence.  The 
first  aim  of  the  experiment  to  be  reported  here  was  to  test  this  hypothesis. 

The  second  aim  of  the  experiment  was  to  elucidate  the  origin  of  the  effect  that 
stressing  a  tap  had  on  the  timing  of  the  sequence.  From  our  previous  experiments  it  was 
established  that  stressing  a  tap  lengthened  the  intervals  that  immediately  preceded  and 
followed  the  stress.  While  the  variations  in  tapping  cadence  may  reflect  what  Ostry4 
calls  "real-time  organization  of  the  sequence."  they  could  also  be  caused  by  purely 
peripheral,  biomechanical  factors.  For  example,  it  can  be  argued  that  in  order  to 
produce  stress,  that  is.  more  force,  the  subject  moves  his  finger  farther  away  from  the 
key.  and  that  the  lengthened  finger  trajectory  causes  a  lengthened  tapping  interval. 
While  such  an  explanation  could  be  valid  for  the  interval  that  precedes  the  stress,  it 
cannot  hold  true  for  the  interval  that  follows  it.  Variations  in  the  tapping  cadence  seem 
to  depend  on  processes  that  control  variations  in  the  force  level,  rather  than  on 
processes  linked  to  the  force  generation  itself.  In  order  to  assess  more  carefully  this 
possibility,  we  included  in  the  present  experiment  a  condition  under  which  subjects 
were  asked  to  tap  one  element  of  the  sequence  less  forcefully  than  all  the  other  |  I  urn 
though  under  this  “inverted  stressing"  condition  the  force  patterns  should  be  quite 
different  from  those  observed  under  the  ordinary  stressing  condition,  we  predicted  that 
the  variations  in  the  tapping  intervals  before  and  after  the  critical  ("negatively 
stressed")  element  would  be  approximately  the  same  as  under  the  ordinary  stressing 
condition. 

No  explicit  prediction  was  made  as  to  the  RT  effect  of  "inverted  stressing  " 
However,  since  under  this  condition  subjects  were  required  to  produce  rather  unusual 
force  patterns,  it  was  logical  to  expect  longer  RTs  insofar  as  response  organization 
concerned  the  sequence  as  a  whole.  Under  the  alternative  hy  pothesis,  namely  ,  that  only 
the  very  first  clement  of  the  sequence  is  prepared  during  the  RT  period,  the  subject 
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would  have  to  make  the  same  binary  choice  between  high  or  low  level  of  force, 
independent  of  the  stress  condition.  Hence  the  reaction  time  should  remain  constant. 


METHOD 

Task 

Subjects  were  instructed  to  execute  a  sequence  of  four  taps  on  a  key  with  the  index 
or  middle  linger  of  their  preferred  hand,  reproducing  a  temporal  model  that  was 
presented  to  them  on  each  trial.  This  model  consisted  of  four  clicks  of  equal  intensity, 
separated  by  180-msec  intervals.  Subjects  were  also  required  to  make  one  of  the  taps 
either  stronger  (stress  •  condition)  or  weaker  (stress  -  condition)  than  the  other 
three.  These  two  conditions  were  run  in  separate  series.  The  tapping  response  was  to  be 
started  as  quickly  as  possible  after  the  display  of  a  digit  which  indicated  the  serial 
position  of  the  tap  to  be  stressed  in  the  ongoing  trial. 

The  experiment  took  place  in  a  noise-insulated  chamber.  The  subject  was  seated 
facing  the  key,  and  a  digital  display  unit.  A  trial  began  with  a  warning  signal  consisting 
of  a  "0"  that  was  displayed  for  500  msec.  Two  seconds  later,  the  temporal  model  was 
delivered  to  the  subject  via  headphones.  After  a  1-sec  period,  the  display  of  a  digit 
indicating  the  location  of  the  stress  signaled  the  onset  of  the  movement  sequence.  The 
intertrial  interval  lasted  10  sec. 


Measurements 

All  experimental  events  and  measurements  were  automatically  controlled  by  a 
PDP-12  computer  (Digital  Equipment  Co.).  The  RT.  measured  as  the  delay  between 
presentation  of  the  digit  used  as  response  signal  and  onset  of  the  first  tap.  and  the 
duration  of  the  intervals  between  the  four  taps  were  recorded  for  each  trial  The  force 
of  each  tap  was  measured  in  arbitrary  units  as  the  output  voltage  of  a  strain-gauge 
incorporated  in  the  key. 

A  test  was  automatically  performed  on  the  measurements  to  determine  whether  a 
sequence  had  been  executed  as  required.  The  trials  in  which  the  response  was  not 
correctly  performed  were  repeated  once  at  the  end  of  each  block.  A  response  was 
classified  as  an  error:  ( I )  if  the  number  of  taps  was  other  than  four;  ( 2 )  if  the  stress  w  as 
not  placed  on  the  required  tap;  or  (3)  if  the  intervals  exceeded  certain  limits  that  were 
fixed  in  advance.  According  to  the  temporal  model,  the  second,  third,  and  fourth 
elements  of  the  movement  sequence  were  to  be  tapped  180.  360.  and  ^40  msec, 
respectively,  after  the  first  one.  A  time  error  was  registered  if  any  tap  was  executed 
more  than  90  msec  before  or  after  its  required  delay. 


Design 

All  subjects  served  in  two  experimental  sessions.  Half  of  the  subjects  received  the 
stress  i  condition  in  the  first  session  and  the  stress  condition  in  the  second  one.  w  Idle 
the  order  was  reversed  for  the  other  half. 

The  experimental  session  was  divided  into  three  parts.  The  purpose  of  the  first  part 
was  to  acquaint  the  subject  with  the  task.  It  was  designed  as  a  simple  R  E  situation  in 
which  the  subject  was  instructed  to  stress  a  given  tap  before  the  beginning  of  a  senes  of 
trials.  Each  possible  stress  location  was  practiced  in  a  block  of  10  trials 
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The  second  and  third  parts  of  the  session  were  conducted  according  to  a  choice  RT 
paradigm.  The  subject  was  ignorant  of  the  serial  position  of  the  stress  until  he  was 
informed  by  the  digit  used  as  response  signal.  There  was  a  four-choice  RT  condition 
and  a  2-choice  RT  condition  which  were  balanced  across  parts  two  and  three.  Under 
the  four-choice  RT  condition,  the  four  positions  were  presented  as  equally  likely 
alternatives  on  all  trials.  This  condition  was  run  in  three  32-trial  blocks  in  which  the 
four  possible  digits  appeared  in  random  order.  Under  the  two-choice  RT  condition, 
there  were  only  two  positions  in  which  the  stress  could  be  located.  These  two  alternative 
positions  were  cquiprobable.  They  were  indicated  to  the  subject  before  a  series  of  trials 
began.  All  possible  pairwise  combinations  between  the  four  different  stress  locations 
were  used.  The  six  combinations  (pairings)  were  tested  in  six  blocks  of  16  trials  each. 
The  order  of  presentation  of  these  combinations  was  balanced  across  subjects. 


Subject  Selection 

Twenty-four  paid  volunteers  participated  in  a  selection  procedure  w  hich  comprised 
the  execution  of  five-lap  sequences  under  simple  and  five-choice  RT  conditions.  The 
task  was  performed  in  the  same  manner  as  the  stress  +  condition  described  above.  The 
twelve  participants  with  a  higher  proportion  of  correctly  performed  responses  and 
faster  RTs  were  selected  as  subjects  for  the  experiment. 


RESULTS 

Errors 

After  its  completion,  each  response  sequence  was  tested  for  number  of  taps,  stress 
location,  and  time  intervals  produced.  Unlike  testing  for  number  of  taps  and  stress 
location,  testing  for  time  intervals  is  arbitrary.  No  a  priori  definition  can  be  given  of 
the  amount  of  discrepancy  between  the  temporal  model  provided  and  actual  response 
timing,  which  would  unequivocally  qualify  a  response  as  a  time  error.  Nevertheless,  we 
introduced  this  test  in  order  to  detect  systematic  departures  from  the  required  cadence 
and,  most  importantly,  any  strategy  based  on  a  partitioning  of  the  sequence  into 
well-separated  subunits.  Such  a  strategy  on  the  part  of  the  subjects  would  have 
compromised  our  attempt  to  utilize  RT  as  an  index  of  advance  planning  of  the 
sequence  as  a  whole. 

The  overall  time-error  rate  was  5.9^  and  it  was  roughly  the  same  under  the  stress  • 
and  stress  conditions.  Given  the  arbitrary  character  of  the  interval-testing  procedure, 
individual  mean  scores  for  each  of  the  response  parameters  recorded  (that  is.  RT. 
interval  duration,  and  tapping  force)  were  computed  in  two  ways;  either  excluding 
from  or  including  in  the  computation  the  response  sequences  qualified  as  time  errors. 
M  anner  of  computation  produced  virtually  no  difference  between  group  means  for 
either  RT  or  force.  Interval  mean  and  standard  deviation  were  slightly  different, 
depending  on  the  way  the  computations  were  made.  However,  analyses  of  variance 
applied  to  these  data  showed  the  same  factors  to  be  significant  (or  nonsignificant), 
regardless  of  the  manner  in  which  individual  scores  were  computed.  Therefore,  it  was 
decided  to  include  the  “time  errors”  together  with  the  correct  responses  in  the 
presentation  of  the  results. 

Tabi.e  I  shows  the  combined  error  rates  for  number  of  taps  and  stress  location, 
averaged  over  subjects.  A  greater  number  of  errors  was  produced  under  the  stress 
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TABLE  I.  Average  Error  Rates 


Stress  Location 


1 

2 

3 

4 

Mean 

1 

1  2C 

7.7 

13.6 

14.7 

3.X 

9.9 

Stress  *  j 

[4C 

13.6 

14.8 

16.9 

1  1.8 

14.2 

c  1 

Stress  -  j 

i2C 

25.7 

39.1 

20.5 

27.9 

28.3 

4  C 

26.0 

32.4 

24.4 

22.6 

26.  t 

than  under  the  stress  +  condition.  The  etTect  of  number  of  choices  and  siress  location 
depended  on  the  type  of  stress  (  t-  or  -).  The  number  of  choices  caused  a  slight 
increase  in  error  rate  only  under  the  stress-*-  condition.  Concerning  the  effect  of  stress 
location,  the  highest  error  rate  was  observed  under  the  stress  condition  when  the 
stress  was  required  on  the  second  tap;  the  lowest  error  rate  was  observed  under  the 
stress  +  condition  when  the  stress  was  required  on  the  fourth  tap.  The  comparison 
between  error  rate  and  RT  data  indicates  no  tendency  for  speed-accuracy  trade-off. 


Force  Patterns 

The  force  data  are  shown  in  FIGURE  I .  Each  point  in  the  figure  represents  the  mean 
force  of  a  tap.  The  points  have  been  grouped  by  four;  these  groups  represent  the  four 
successive  taps  in  a  sequence.  Stress  locations  are  indicated  by  arrows.  The  force 
measurements  recorded  under  the  two-choice  and  four-choice  conditions  were  pooled 
since  there  was  no  difference  between  the  two  conditions. 

Stressed  (either  +  or  - )  and  nonstressed  taps  are  sharply  differentiated.  This 
differentiation  remains  stable  across  all  stress  locations.  However,  the  change  in  force 
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FIGURE  I.  Mean  force  of  the  four  successive  laps  in  a  sequence,  plotted  as  a  function  ot  stress 
location  {arrows)  and  stress  type  (  *  and  ). 
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level  (from  a  nonstressed  to  a  stressed  tap  and  vice  versa)  seems  to  be  more  abrupt 
under  the  stress  +  than  under  the  stress  -  condition.  As  a  consequence,  the  force  level 
of  the  nonstressed  taps  presents  much  less  variability  under  the  former  than  under  the 
latter  condition. 

The  force  of  the  stressed  tap  increases  for  stress  +  and  decreases  for  stress  -  as  the 
stress  moves  from  the  first  to  the  fourth  position.  Trend  analysis  confirmed  that  these 
effects  were  significant  (for  stress  +  :  FLIN  =  15.72,  d.f.  =  1,11,  p  <  .01  and  F,„  v 
6.72,  d.f.  -  1 ,1 1,  p  <  .05;  for  stress-:  F(  ,N  =  42.29,  d.f.  =  1,1 1,  p  <  .001 ). 

The  force  level  of  the  nonstressed  taps  shows  a  similar  increase  under  the  stress  • 
condition  (Fllv  =  21.61,  d.f.  =  1,1 1,  p  <  .001 ),  whereas  it  shows  a  more  complicated, 
curvilinear  evolution  under  the  stress-  condition  (F0l^  =  19.99,  d.f.  «  1.1 1,  p 
.001). 


Stress  location  Interval  position 


FIGURE  2.  Part  I  (left):  Mean  duration  of  the  three  successive  intervals  in  a  sequence,  plotted  as 
a  function  of  stress  location  (arrow*)  and  stress  type.  Part  II  (right):  Same  data  as  m  Part  I. 
replotted  according  to  interval  position  in  the  sequence  (1.2.  3),  and  interval  position  with  respect 
to  the  stressed  lap  (B  before  stress;  A  «  after  stress;  R  remote).  Remote  intervals  sh. '.ring  the 
same  position  in  the  dilfcrenl  sequences  were  averaged. 


Sequence  Timing 

The  mean  duration  of  the  successive  intervals  in  a  sequence  (points  grouped  o\ 
three)  is  shown  on  the  left  (I)  of  Figure  2.  Interval  duration  varied  as  a  function  of  the 
interval’s  pos  .ion  (first,  second,  third)  within  the  sequence  and  the  location  of  the 
stressed  tap.  This  was  confirmed  by  a  four-way  analysis  of  variance  ( ANOVA).  which 
yielded  significant  effects  for  stress  location  (F  =  10.89,  d.f.  =  3,33.  p  .001 ),  interval 
position  (F  -  24.33,  d.f.  =  2.22,  p  <  .001 ),  and  the  interaction  of  these  two  factors  ( 1 
37.48,  d.f.  ~  6,66,  p  <  .001).  Neither  the  number  of  choices  as  a  main  factor,  nor  its 
interaction  with  the  other  factors,  was  significant.  Stress  type  was  not  significant,  but 
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the  three-way  interaction  between  interval  position,  stress  location,  and  stress  type 
reached  significance  ( F  =  2.50,  d.f.  -  6,66,  p  <  .05).  In  other  words,  the  joint  eflcct  of 
interval  position  and  stress  location  was  slightly  modulated  by  stress  type.  However, 
the  timing  of  the  sequence  was  fundamentally  the  same  for  stress  -  and  stress  ,  a>  can 
be  seen  in  Figure  2(1). 

The  time  structure  underlying  all  these  interval  configurations  can  be  further 
clarified  by  regrouping  the  intervals  according  to  their  position  in  the  sequence  (first, 
second,  third)  on  the  one  hand,  and  to  their  position  with  respect  to  the  stressed  tap 
(before,  after,  remote)  on  the  other.  Regrouping  of  the  intervals  according  to  this 
double  classification  leads  to  the  time  patterns  shown  on  the  right  (II)  of  Fiut  ri  2  The 
intervals  that  are  located  before  and  after  a  stressed  tap  are  longer  than  those  located 
in  other  (remote)  positions.  In  addition,  the  first  and  last  intervals  are  longer  than  the 
second  one. 

Interval  standard  deviations  (S.D.),  averaged  over  subjects,  arc  presented  in 
Figure  3  (I).  A  four-way  ANOVA  yielded  significant  effects  for  stress  location  (F 
6.14,  d.f.  =  3,33,  p  <  .05)  and  interval  position  (F  =  8.04,  d.f.  =  2.22.  p  ■  .01 ),  while 
number  of  choices  and  stress  type  were  nonsignificant.  The  follow  ing  interactions  were 
significant:  stress  location  by  stress  type  (F  =  5.96,  d.f.  =  3,33,  p  <  .05).  stress  location 
by  interval  position  (F  =  12.80,  d.f.  =»■  6,66,  p  <  .001),  and  stress  location  by  interval 
position  by  stress  type  (F  =  7.94,  d.f.  =  6,66,  p  <  .001).  The  latter  three-way 
interaction  indicates  that  the  effect  of  the  stress  on  the  interval  that  immediately 
precedes  and  follows  the  stressed  tap  strongly  depends  on  the  stress  type. 

On  the  right  part  (II)  of  FIGURE  3,  interval  S.D.s  have  been  regrouped  according  to 
the  double  classification  principle  explained  above.  It  can  be  observed  that  interval 
variability  (that  is,  the  regularity  of  timing)  was  more  strongly  influenced  by  “inverted 
stressing”  than  by  ordinary  stressing.  It  also  appears  that,  unlike  interval  duration, 
interval  variability  does  not  present  a  unique  configuration  linked  to  the  interval's 
position  within  the  sequence. 

One  of  the  criteria  for  regrouping  the  intervals  (on  the  right  side  of  Figi  ri  s  2  and 
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FIGURE  4.  Interval  mean  duration  and  standard  deviation  (SD)  plotted  as  a  function  of  stress 
type  (  +  and  -  ),  interval  position  in  the  sequence  (1.  2.  3).  and  interval  position  with  respect  to 
the  force  variations  associated  with  stress  production  (before  force  increases,  before  force 
decreases,  when  no  force  change  occurs).  This  figure  is  based  on  the  same  data  as  in  Fun  res  2 
and  3. 


3)  was  their  position  with  respect  to  stress  location.  It  should  be  noted,  however,  that 
the  direction  of  force  change  is  opposite  for  the  two  types  of  stress.  The  interval 
produced  before  the  stress  precedes  a  force  increase  under  the  stress  -t-  condition  and  a 
force  decrease  under  the  stress  -  condition.  Conversely,  the  interval  produced  after  the 
stress  precedes  a  force  decrease  under  the  stress +  condition  and  a  force  increase  under 
the  stress  condition  (sec  Figure  1). 

In  Figure  4,  interval  means  and  S.D.s  arc  plotted  according  to  the  position  of  the 
interval  in  the  sequence  and  with  respect  to  the  required  variations  in  force  level 
(before  force  increases,  before  force  decreases,  and  when  no  force  change  occurs).  The 
figure  shows  most  clearly  that  variations  in  force  level  have  the  same  lengthening  effect 
on  the  duration  of  the  intervals  that  precede  these  variations,  regardless  of  the  stress 
type.  The  interval  data  were  subjected  to  a  four-way  ANOVA.  Interval  position  w  ithin 
the  sequence  produced  a  significant  main  effect  (F  25.08.  d.f.  2.22,  p  .001). 
whereas  number  of  choices  and  stress  type  were  nonsignificant.  Position  of  the  interval 
w  ith  respect  to  force  change  produced  a  significant  main  clfect  (F  -  29.91.  d.f  2,22. 
p  .  .001).  Subsequent  partial  comparisons  showed  that  intervals  that  preceded  an 
increase  and  those  that  preceded  a  decrease  in  force  did  not  differ  significantly. 
However,  the  interaction  of  this  position  factor  with  interval  position  in  the  sequence 
was  signila  ’  '  (F  ~  9.41,  d.f.  2,22,  p  -  .01 ).  This  interaction  signifies  that,  at  the 
beginning  o.  c  sequence,  a  force  increase  had  a  greater  lengthening  effect  on  the 
interval  than  a  force  decrease,  whereas  at  the  end  of  the  sequence  this  relationship  was 
reversed.  A  similar  interaction  appeared  also  in  the  S.D.  data,  as  can  be  seen  in  the 
right  part  of  Figure  4. 
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Reaction  Times 

Mean  individual  RTs  were  calculated  for  each  stress  location,  each  stress  type  and 
each  level  of  choice.  These  means  were  subjected  to  a  three-way  ANOVA.  which 
yielded  significant  main  effects  for  stress  type  (F  =  23.49.  d.f.  =  1.11.  p  -  .001 )  and 
number  of  choices  (F  =  62.76;  d.f.  =  1,1 1,  p  <  .001),  while  the  interaction  between 
these  two  factors  was  nonsignificant.  As  shown  in  the  left  part  of  Fku  ri  5.  RT 
increased  as  the  number  of  equally  likely  stress  locations  increased  from  2  to  4.  and  it 
was  longer  under  the  stress  -  condition  than  under  the  stress +  condition.  There  was  no 
significant  main  effect  for  stress  location,  but  a  highly  significant  stress  location  by 
stress  type  interaction  (F  =  8.59,  d.f.  =  3,33,  p  <  .001).  The  origin  of  this  interaction 
clearly  appears  in  the  middle  part  of  Figure  5,  where  RTs  are  shown  as  a  function  of 
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FIGURE  5.  (I.eft)  Mean  reaction  time  (RT)  as  a  function  of  number  of  choices  and  stress  type 
(Middle)  Mean  RT  as  a  function  of  stress  location,  number  of  choices  and  stress  type.  ( Right) 
Mean  RT  for  the  pairings  in  the  two-choice  condition.  Pairings  are  ranked  in  decreasing  order  for 
each  stress  type. 


stress  location.  It  can  be  seen  that  stressing  the  first  tap  provoked  the  longest  RT  within 
the  stress  +  condition,  and  the  shortest  RT  within  the  stress  -  condition.  It  must  be 
noted,  however,  that  for  a  given  level  of  choice,  RT  was  always  longer  for  the  stress 
than  tor  the  stress +  condition. 

Subsequent  partial  comparisons  showed  that  stress  location  was  a  significant  factor 
within  each  stress-type  condition  (for  stress  +  :  F  =  3.39,  d.f.  3,33,  p  .05:  for 
stress  - :  F  =  6.36,  d.f.  -  3,33,  p  ■-  .01 ).  There  was  also  a  significant  stress  location  by 
number  of  choices  interaction  within  the  stress  -  condition.  This  interaction  was 
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mainly  due  to  RT  being  particularly  long  under  the  two-choice  condition  when  the 
stress  was  located  on  the  second  tap. 

RTs  obtained  under  the  two-choice  condition  v  ere  also  analyzed  in  order  to 
determine  whether  pairing  of  the  sequences  was  by  itself  a  significant  source  of 
variance  in  the  two-choice  RT.  It  should  be  recalled  that  the  six  possible  pairwise 
combinations  between  the  four  different  stress  locations  were  used.  Mean  individual 
RTs  obtained  for  the  six  pairings  were  subjected  to  a  one-way  ANOVA,  which  showed 
a  significant  treatment  effect  both  for  the  stress  +  and  stress-  condition  (the  F  ratios 
were,  respectively,  3.27  and  2.87,  d.f.  =  5,55,  p  <  .05). 

The  variations  in  RT  as  a  function  of  sequence  pairings  are  shown  in  the  right  part 
of  Figurr  5.  RTs  were  ranked  in  decreasing  order.  Only  some  of  these  values  differed 
significantly  from  each  other  in  pairwise  post  hoc  comparisons.  Under  the  stress  - 
condition,  the  1-4  pairing  differed  significantly  from  the  2-3,  2-4,  and  3-4  pairings. 
Also,  the  1-2  pairing  differed  significantly  from  the  2-4  pairing.  Under  the  stress 
condition,  the  1-2  pairing  differed  significantly  from  the  1-3,  3-4,  and  1-4  pairings. 
Also,  the  2-3  pairing  differed  significantly  from  the  3-4  pairing.  All  other  differences 
were  nonsignificant.  It  is  important  to  note  that  the  ordering  of  the  pairings  was  clearly 
different  between  the  stress  +  and  stress  -  conditions. 


DISCUSSION 

This  section  shall  involve  two  main  parts.  First.  RT  data  will  be  evaluated  with  regard 
to  the  advance  planning  problem.  Second,  the  results  concerning  the  timing  of  the 
sequence  will  be  considered. 


The  Advance  Planning  Problem 
Number  of  Alternative  Stress  Locations 

As  predicted,  RT  increased  as  a  function  of  the  number  of  cquiprobable  locations 
of  the  stress  within  the  sequence  of  four  finger  taps.  Since  RT  is  known  to  increase 
when  the  number  of  response  alternatives  increases.'”  a  simple  interpretation  of  our 
results  is  that  stress  location  differentiates  the  whole  sequence  as  a  particular  response. 
Therefore,  under  the  four-choice  condition  RT  lengthen',  as  compared  to  the  two- 
choice  condition  because  in  the  former  case  the  subject  must  identify  the  appropriate 
response  within  a  larger  set  of  response  alternatives  than  in  the  latter  case.  Although 
sequence  identification  docs  not  imply  that  a  detailed  program  is  also  established  for 
the  execution  of  the  sequence,  it  appears  nevertheless  as  a  prerequisite  for  generating 
such  a  program. 

Our  interpretation  assumes  that  response  identification  was  the  main  contributing 
factor  to  the  observed  variations  in  RT.  whereas  the  time  needed  for  stimulus 
discrimination  changed  little,  if  any.  as  a  consequence  of  the  increase  in  the  number  of 
cquiprobable  stimuli.  This  assumption  is  based  on  known  evidence  that  manipulation 
of  the  number  of  cquiprobable  stimulus  response  pairs  produces  sizable  choice  RT 
effects;  however,  this  is  true  only  if  the  conditions  of  the  experimental  procedure  make 
it  difficult  to  identify  the  responses  assigned  to  the  different  stimuli.'  When  response 
identification  is  easy  and  direct,  as  in  numeral-naming  tasks,  where  subjects  are  simple 
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asked  to  read  aloud  (to  name)  visually  presented  digit  stimuli,  the  response  latencies  do 
not  show  much  variation  as  a  function  of  the  number  of  equiprobable  digits.  When  the 
same  digit  stimuli  arc  associated  each  with  the  movement  of  a  different  linger  (button 
press),  the  movement  latencies  increase  sharply  as  a  function  of  the  number  of  equalls 
likely  stimulus  alternatives.'  * 

The  assumption  that  in  our  experiment  the  manipulation  of  the  number  of 
alternative  stress  locations  primarily  affected  response  identification  rather  than 
stimulus  discrimination  was  corroborated  by  the  results  of  a  control  experiment  m 
which  our  subjects  performed  a  numeral-naming  task.  Although  naming  latencies 
turned  out  to  be  longer  under  the  four-choice  condition  than  under  the  two-choice 
condition,  the  difference  was  only  one-third  of  that  found  when  sequences  of  linger 
movements  were  associated  with  the  same  digits.* 

The  sequence  identification  hypothesis  states  that  before  the  subject  start'  to 
execute  such  rapid  movement  sequences,  he  identifies  the  whole  sequence  as  the 
required  response.  An  alternative  hypothesis  would  be  that,  during  the  RT  period,  only 
the  first  clement  of  the  sequence  is  selected  for  execution.  Under  the  lirst-iiem 
identification  hypothesis  RT  should  depend  on  the  predictability  of  that  first  element. 

Under  the  two-choice  condition  the  predictability  of  the  first  element  of  the 
sequence  (that  is,  whether  a  high-  or  a  low-force  tap)  varied  as  a  fun.  tion  of  pairings. 
For  the  pairings  in  which  the  stress  was  never  located  on  the  first  tap  (2  3,  2  4,  3  -4). 
the  first  element  was  fully  predictable.  For  the  other  pairings  (1  2.  I  3.  1  4).  the 
probability  that  the  first  tap  was  a  high-  or  a  low-force  tap  equaled  .50.  Under  the 
first-item  identification  hypothesis  one  would  predict  sizable  RT  differences  between 
the  pairings  in  which  the  first  tap  was  fully  predictable  and  those  in  which  a  high-  or  a 
low-force  tap  was  equally  probable.  Moreover,  identical  RT  would  be  predicted  for 
pairings  belonging  to  the  same  category.  Our  data  lent  no  support  for  either  of  these 
predictions. 

Under  the  four-choice  condition,  the  probability  that  the  first  tap  was  a  high-  or 
low-force  one  was  .25  and  .75  under  the  stress  +  condition,  and  .75  and  .25  under  the 
stress-  condition,  respectively.  The  first-item  identification  hypothesis  would  predict 
that  sequences  starting  with  a  .75  probability  tap  (under  the  four-choice  condition) 
would  have  shorter  RT  than  those  in  which  a  low-  or  high-force  tap  is  equally  probabie 
(pairings  1-2,  1-3,  1-4  under  the  two-choice  condition).  Post  hoc  analysis  of  the  data 
lent  no  support  for  this  prediction;  RT  under  the  four-choice  condition  was  longer  than 
under  the  two-choice  condition  regardless  of  the  probability  of  the  first  tap. 

The  predictability  of  the  first  clement  of  the  sequence  varied  according  to  pairings 
and  choice  conditions,  but  not  according  to  type  of  stress.  The  first-item  identification 
hypothesis  would  predict  identical  RT  for  stress  +  and  stress-  sequences  since  in 
cither  case  the  subject  would  have  to  make  the  same  binary  choice  between  a  low-  and 
high-force  tap.  This  hypothesis  was  not  supported  by  the  experimental  data. 

Since  none  of  the  predictions  of  the  first-item  identification  hypothesis  received 


In  an  additional  session,  subjects  were  presented  with  the  same  digital  stimuli  used  in  the  main 
experiment.  The  task  consisted  of  naming  a  digit  as  quickly  as  possible  after  its  presentation 
Simple,  two-choice,  and  four-choice  RT  conditions  were  run  as  described  in  the  mi-thoo  section 
Mean  naming  latencies,  together  with  the  RTs  for  the  tapping  task,  were  subjected  to  an 
ANOVA.  Significant  effects  were  obtained  for  type  of  task  (naming  or  tapping)  (K  -  2S  JV 
d.f  l.ll.p-  .001 )  and  number  of  choices  (F  -  69.20,  d.f.  -  l.ll.p-  .001 ).  The  interaction 
between  these  two  factors  was  also  significant  (F  -  1 1.26,  d.f.  =  l.ll.p-  .01 ).  On  the  average, 
the  four-choice  RT  was  60.6  msec  longer  than  the  two-choice  RT  for  the  tapping  task,  w  hile  there 
was  only  a  19-mscc  difference  for  the  naming  task. 
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support  from  the  data,  it  is  safe  to  conclude  that  the  sequence  as  a  whole,  rather  than  its 
first  element,  was  identified  as  the  required  response  during  the  RT.‘ 


Type  of  Stress 

As  expected,  it  took  more  time  for  the  subject  to  initiate  a  sequence  in  which  a  tap 
was  weaker  than  all  the  others,  than  to  '•':*iate  a  sequence  in  which  one  tap  was 
stronger  than  all  the  others.  Furthermore,  the  effect  of  type  of  stress  and  that  of  the 
number  of  alternative  stress  locations  combined  additively.  From  the  perspective  of 
Sternberg’s  additive  factor  method  for  analyzing  RT,9  number  of  alternative  stress 
locations  and  type  of  stress  could  be  regarded  as  two  factors  that  relate  to  separate 
processes  in  response  organization.  The  first  factor  may  be  linked  to  a  sequence 
identification  stage,  whereas  the  second  one  may  be  linked  to  a  stage  of  planning  or 
programming  of  the  response  execution. 

From  the  present  results,  it  is  difficult  to  determine  the  kind  of  information  and  the 
degree  of  detail  contained  in  the  plan  for  response  execution.  Timing  of  the  sequence, 
as  revealed  by  the  duration  of  the  intervals  between  the  successive  taps,  did  not  depend 
on  type  of  stress.  Recently,  Klapp  contended  that  response  timing  is  the  main  factor 
that  provokes  changes  in  response  program  complexity  and  hence  in  programming 
time.10  However,  our  experimental  data  indicate  that  timing  was  not  a  critical  factor 
for  the  lengthening  of  RT  under  the  stress-  condition.  The  time  distribution  of  motor 
intensities  (forces)  over  the  component  elements  was  very  different  according  to  the 
type  of  stress.  Positive  stress  involved  the  generation  of  a  high-force  element  on  the 
background  of  a  stable  low-level  force  selected  for  nonstressed  taps.  It  may  be  that 
under  this  condition  planning  concerned  only  the  force  and  the  time  location  of  the 
stressed  tap,  whereas  the  background  low-level  force  was  regulated  by  more  automatic 
control  mechanisms.  In  contrast,  negative  stress  involved  the  generation  of  a  low-force 
element  on  the  background  of  an  unstable  high-level  force  selected  for  nonstressed 
taps.  Here  the  planning  may  have  concerned  not  only  the  force  and  time  location  of  the 
negatively  “stressed”  element,  but  also  the  maintenance  of  the  background  force  on  a 
unusual  high  level.  This  more  complicated  planning  would  result  then  in  a  longer  RT 


Effect  of  Stress  Location 

The  RT  of  a  sequence  beginning  with  a  stressed  clement  was  different  from  that  of 
a  sequence  beginning  with  a  nonstressed  element.  Under  the  stress  +  condition,  the 
stressed  tap  was  of  high  force  and  the  nonstressed  taps  of  low  force.  The  sequences 
beginning  with  a  high-force  clement  had  longer  RT  than  those  beginning  with  a 

‘Mow  is  the  response  sequence  identified?  It  has  been  suggested'  that  response  identification 
involves  search  for  the  abstract  name  code  of  the  response.  However,  such  an  abstract 
representation  of  the  response  may  be  of  little  use  for  the  motor  system.  If  so.  the  abstract 
response  code  must  be  translated  into  more  concrete  representations.  We  feel  that  the  ultimate 
identifier  of  the  response  is  nothing  more  than  the  plan  or  program  that  permits  its  execution.  It 
seems  likely  that  in  the  course  of  response  organization  intermediate  response  representations  are 
generated  between  the  abstract  response  code  and  the  plan  for  response  execution.  The  sensory  or 
proprioceptive  image  of  the  response  could  be  such  a  representation.12  We  arc  presently 
investigating  the  hypothesis  that  the  rhythmic  response  sequences  are  identified  in  terms  of  the 
acoustic  feedback  images  that  arc  normally  associated  with  the  production  of  such  sequences 
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low- force  element.  Under  the  stress-  condition,  the  stressed  tap  was  of  low  force  and 
the  nonstressed  taps  of  high  force.  Here  again,  the  sequences  beginning  with  a 
high-force  tap  had  longer  RT  than  the  sequences  beginning  with  a  low-force  tap  f  rom 
these  results  one  can  conclude  that  programming  a  high-force  initial  clement  required 
more  time  than  programming  a  low-force  initial  element.  This  conclusion  is  in 
accordance  with  our  previous  suggestion  that  low  force  was  regulated  in  a  more 
automatic  way  than  high  force.  However,  it  must  be  emphasized  again  that  type  of 
stress  effect  does  not  simply  derive  from  the  decision  concerning  the  level  of  force  of  the 
initial  tap.  Sequences  that  started  with  a  high-force  tap  under  the  stress  condition 
had  RTs  100  msec  longer  than  sequences  beginning  with  a  high-force  tap  under  the 
stress 4-  condition.  The  same  relationship  held  true  for  sequences  that  started  with  a 
low-force  tap.  Thus,  type  of  stress  effect  would  be  related  to  the  planning  of  the 
sequence  as  a  whole,  while  the  observed  stress  location  effect  wouid  be  related  to  the 
programming  of  the  initial  element. 

In  conclusion,  one  can  suggest  that  the  short  rhythmic  sequences  studied  in  this 
experiment  are  planned  in  advance  of  their  execution.  Planning  involves,  first,  the 
identification  of  the  sequence  as  a  particular  response,  and  second,  the  generation  of  a 
time-  force  plan  that  concerns  the  sequences  as  a  whole.  From  the  stress  location  effect 
we  can  infer  that,  in  addition  to  the  general  time-force  plan  of  the  sequence,  an 
executive  program  is  generated  that  specifies  the  appropriate  force  level  for  the  first 
clement  of  the  sequence. 


The  Timing  of  the  Sequence 

In  our  experiment  the  subjects  had  to  reproduce  a  temporal  model  in  which  the 
duration  of  the  intervals  was  the  same.  What  was  actually  produced  were  strings  of 
finger  taps  in  which  the  intervals  showed  lawful  variations  with  respect  to  the  model. 
The  structure  of  these  variations  could  not  be  apprehended  in  the  movement  sequences 
as  they  were  produced.  It  became  apparent  only  when  the  time  intervals  produced  were 
sorted  according  to  a  double  classification  principle  based  on  position  of  the  interval  in 
the  sequence  and  on  position  of  the  interval  with  respect  to  stress  (or  to  change  in 
force).  This  classification  of  the  intervals  permitted  us  to  uncover:  ( 1 )  a  time  structure 
linked  to  interval  position  in  the  sequence;  and  (2)  the  modulation  of  that  basic 
structure  by  the  stress. 


Interval  Modulation  hy  Its  Position  in  the  Sequences 

The  time  structure  underlying  the  movement  sequences  was  characterized  by  the 
fact  that  the  first  and  last  intervals  tended  to  be  equal,  while  both  were  considerably 
longer  than  the  intermediate  one.  This  time  structure  was  force-independent  in  the 
sense  that  it  was  basically  the  same  whether  at  the  end  of  the  intervals  a  force  increase, 
a  force  decrease,  or  no  change  in  force  should  occur.  In  previous  experiments  the  same 
relationship  between  intervals  was  observed  in  live-tap  strings  as  was  demonstrated  in 
the  present  experiment  in  four-tap  strings.  These  time  configurations  are  not  easily 
accounted  for  bv  models  in  which  an  internal  clock  sends  trigger  pulses  directly  to  the 
motor  system  for  producing  cadenced  linger  taps.  Although  the  aim  of  the  present 
work  was  not  to  test  any  formal  model  of  sequence  timing,  our  results  might  lend  some 
support  for  a  model  in  which  the  role  of  the  internal  clock  is  to  provide  a  temporal 
reference  for  movement  execution,  rather  than  to  trigger  each  component  move¬ 
ment." 
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Interval  Modulation  by  Stress 

The  intervals  that  immediately  preceded  and  followed  an  inverted  stress  were 
lengthened  similarly  to  those  that  preceded  and  followed  an  ordinary  stress.  This 
indicates  that  the  lengthening  of  the  intervals  is  related  to  a  change  in  force  level, 
regardless  of  the  direction  of  that  change.  Consequently,  the  effect  of  the  stress  on 
interval  duration  cannot  be  explained  by  the  intervention  of  peripheral  (biomechani¬ 
cal)  factors  responsible  for  the  generation  of  higher  level  of  force.  Instead,  the 
lengthening  of  the  intervals  that  precede  and  follow  a  stressed  clement  seems  to  be 
related  to  central  processes  that  control  the  appropriate  change  in  force  level.  This 
suggests  that,  in  addition  to  the  plan  established  during  the  RT,  real-time  control 
processes  are  also  involved  in  the  execution  of  the  sequence.  These  processes  could 
comprise  a  memory  search  for  the  target  force  level  and/or  updating  the  executive 
program  with  specification  of  the  new  level  of  force. 


SUMMARY 

Accentuation  involves  modulation  of  motor  intensity.  It  differentiates  a  movement 
from  others  within  a  motor  sequence.  Does  the  serial  position  of  the  accent  characteri7e 
the  whole  sequence  as  a  particular  response?  How  are  the  control  of  time  and  force 
coordinated  in  the  motor  sequence ?  Subjects  produced  sequences  of  four  fingertaps  on 
a  key.  Time  of  onset  and  force  of  each  tap  were  recorded.  Tapping  rate  was  imposed  by 
a  string  of  four  clicks  delivered  at  1 80-msec  intervals  before  each  trial.  A  flashed  digit 
served  as  go  signal.  It  indicated  to  the  subject  which  of  the  four  taps  had  to  be  tapped 
stronger  (stress  -f )  or  weaker  (stress  - )  than  all  the  others.  These  conditions  were  run 
in  separate  scries.  Reaction  time  (RT)  of  the  sequence  increased  when  the  number  of 
equally  likely  locations  of  the  stress  increased  from  2  to  4.  RT  was  also  longer  under  the 
stress  -  than  under  the  stress  +-  condition.  Tapping  intervals  were  longer  before  and 
after  the  stressed  tap  than  elsewhere  in  the  series.  The  first  and  last  intervals  tended  to 
be  longer  than  the  second  one.  These  effects  were  the  same  under  both  stress 
conditions.  The  RT  data  indicate  that  the  motor  sequence  is  identified  as  a  particular 
response  before  it  starts.  Timing  is  partly  force-independent,  but  is  modulated  by 
central  processes  that  control  force. 
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INTRODl  CTION 

In  psychology,  there  are  a  number  of  instances  in  which  accounts  of  human 
information  processing  have  been  advanced  by  the  study  of  pathologic  states.  In  the 
case  of  language,  for  example,  the  study  of  aphasia  resulting  from  brain  disease  not 
only  provided  the  first  links  toward  understanding  language  and  brain  anatomy,  but 
has  also  contributed  to  the  psychological  understanding  of  language  in  terms  of  the 
functional  mechanisms  involved.  This  is  true  because  language  breakdown  is  often 
selective;  it  is  quite  common  to  observe  patients  with  some  aspects  of  language  function 
severely  disrupted,  vs  hi le  other  aspects  remain  relatively  intact.  An  example  is  pros  ided 
by  the  contrasting  selective  deficits  of  Broca's  and  Wernicke's  aphasia  with  damage  to 
anterior  and  posterior  areas  of  the  brain 

In  the  present  paper,  we  consider  a  theoretical  model  of  the  timing  of  repetitive 
movements  that  was  developed  by  Wing  and  Kristoll'crsorL  as  an  account  of  data  from 
normal  subjects.  The  model  postulates  the  existence  of  two  separate  processes 
contributing  to  the  variability  observed  in  the  intervals  between  a  stream  of  supposedly 
regular  responses.  We  ask:  In  motor  disorders  of  the  central  nervous  system  can  ,. 
selective  deficit  be  demonstrated  in  one  or  other  of  these  processes.'  We  address  this 
question  by  presenting  a  detailed  study  of  finger  tapping  by  a  patient  w ith  Parkin'1  n' . 
disease. 

Parkinson's  disease  is  a  degenerative  disease  a  fleeting  the  dopaminergic  pathwavs 
of  the  basal  ganglia.  Symptoms  of  the  disease  affecting  arm  movements  can  include 
rest  tremor  (a  tremor  seen  w  hen  the  arm  is  held  in  a  given  posture,  of  larger  amplitude 
and  lower  frequency  than  normal  physiological  tremor),  rigidity  (heightened  resis¬ 
tance  of  the  arm  to  passive  manipulation),  and  bradykmesia  (slowness  of  voluntary 
movement).  The  basal  ganglia  are  bilateral  structures  of  the  midbrain  involved  in 
control  of  movement  in  the  contralateral  side  of  the  body,  but  cases  of  pred  >mmai’tlv 
unilateral  symptoms  have  been  reported.  4  We  describe  a  case  of  hemi-parkinsonism 
in  which  a  primary  symptom  was  bradykinesia  of  the  dominant  (right)  hand.,  winch 
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had  deleterious  effects  on  the  timing  of  movements  in  that  hand.  In  this  paper  we 
compare  the  application  of  the  Wing  and  Kristofferson  model  to  timing  data  from  each 
hand. 

Consider  a  task  in  which  the  subject  is  instructed  to  produce  a  series  of  responses, 
such  as  tapping  the  index  finger  of  one  hand,  in  synchrony  with  a  periodic  auditory 
stimulus.  After  a  few  taps  to  get  into  phase  with  the  pacing  stimulus  (an  account  of  the 
processes  involved  may  be  found  in  Michom),  the  auditory  pacer  is  discontinued  and 
the  subject  is  asked  to  continue  to  tap  at  the  same  rate.  Under  these  conditions  subjects 
are  able  to  produce  long  scries  of  “free"  responses  with  stable  interresponse  intervals 
( 1 R  Is)  with  little  drift  in  mean.1 

Wing  and  Kristoffcrson’s  model  of  self-paced  responding'  (Fig.  1)  proposes  that 
departures  from  periodic  responding  may  arise  from  imprecision  in  a  hypothetical 
timekeeper  and  from  temporal  “noise"  in  the  execution  of  responses  triggered  by  the 
timekeeper.  At  time  intervals,  C,  the  timekeeper  emits  pulses,  each  of  w  hich  initiates  a 
motor  response.  A  motor  output  delay.  D,  intervenes  between  the  initiation  and 
occurrence  of  the  overt  response,  R.  Each  interresponse  interval  is  thus  the  sum  of  a 
timekeeper  interval  plus  the  difference  in  motor  delays  associated  with  the  initiating 
and  terminating  responses: 


lj  =  C,  +  Z>,  -  D,  , .  ill 

Provided  timekeeper  intervals  and  response  delays  arc  both  sequences  of  independent 
random  variables  and  arc  mutually  independent,  it  can  be  shown'1  that  the  IRI 
autocovariancc  function  may  be  expressed  as: 

autocov,(0)  =  var(/)  =  var(C)  +  2var(/))  (2i 

autocov,(l)  =  -var(£>)  <3» 

autocov^*)  =  0.  k  >  1.  (4) 

Thus,  the  model  predicts  negative  covariation  between  immediatclv  successive 
I R  Is  (autocov,(l )  <  0).  Chance  variation  in  any  particular  delay.  /)  .  about  the  mean 
motor  output  delay  w  ill  tend  to  produce  deviations  of  opposite  signs  in  /  and  /  about 
the  mean  IRI.  The  covariance  between  adjacent  intervals,  involving  the  products  of 
such  deviations,  thus  tends  to  be  negative.  Intervals  that  are  separated  by  at  least  one 
intervening  IRI  and  so  do  not  share  a  common  boundary  should  have  zero  covariance. 

In  previous  experimental  work,*  various  lines  of  research  have  provided  evidence  in 
support  of  the  two-process  model.  First,  estimates  of  the  covariance  between  adjacent 
I R Is  arc  usually  less  than  zero.1  Second,  Wing  found  that  changes  in  the  mean  interval 
between  responses  only  affect  timekeeper  variance  (which  may  be  estimated  by  solving 
for  var|C]  in  Equations  2  and  3).  Third.  Wing*  ’  has  found  that,  with  changes  of 
effector,  timekeeper  variance  is  more  stable  than  motor  delay  variance  (however, 
another  parameter  was  added  to  the  model,  a  point  we  will  return  to  in  the 
DISCUSSION). 

If  timing  of  the  left  and  right  hands  of  a  patient  with  symptoms  of  parkinsonism 
affecting  one  side  more  than  the  other  are  compared,  the  theoretically  interesting 
question  is  whether  left  right  differences  in  the  variance  estimates  of  the  hypothesized 
underlying  processes  provide  evidence  that  the  processes  arc  dissociated.  If  there  is 
greater  timing  variability  in  the  tapping  of  one  hand  compared  with  that  of  the  other, 
will  this  be  attributable  to  elevated  motor-delay  variance  (larger,  more  negative 
lag-one  variance)  or  to  elevated  timekeeper  variance  (larger  IRI  variance  with  no 
difference  in  lag-one  covariance)?  Or.  will  there  be  changes  in  both? 
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The  average  velocity  of  the  left  hand  was  greater  than  that  of  the  right.  In  the  left 
hand  the  velocity  showed  a  slight  increase  from  the  first  (1.15  m/sec)  to  the  tenth 
letter,  ( 1 .36  m/scc).  In  contrast  there  was  a  decrease  in  velocity  in  the  right  hand  from 
the  first  (0.66  m/sec)  to  the  tenth  letter  (0.42  m/sec). 

2.  Reciprocal  aimed  tapping.  The  patient  was  asked  to  use  a  pencil  in  the  right  or 
the  left  hand  to  tap  alternately  in  pairs  of  targets  5  mm  or  20  mm  w  idc.  5 1  mm  or  205 
mm  apart.  The  number  of  taps  made  within  a  1 0-sec  trial  was  recorded  lor  each  of  the 
four  combinations  of  width  and  distance.  Over  eight  trials  for  each  combination  the 
time  per  tap  for  the  left  hand  was  reliably  less  than  that  for  the  right  hand  (T\bi  i  I ). 
There  was  a  reliable  hand-by-width  interaction;  the  right  hand  failed  to  speed  up 
movements  as  much  as  the  left  hand  to  capitalize  on  the  easiness  of  the  wide  targets. 

3.  Purdue  pegboard.  A  task  requiring  perceptual-motor  coordination  similar  to 
the  previous  task  is  the  Purdue  pegboard  (Science  Research  Associates).  Small 
cylindrical  pegs  must  be  picked  up  and  placed  in  a  row  of  drilled  holes.  From  the 
published  norms  for  this  test,  it  was  established  that  M.F.'s  performance  was  below  the 
first  percentile  for  the  right  hand.  But  even  with  her  left  hand,  her  score  was  only  at  the 
fifth  percentile.  Although  M.F.  is  used  as  her  own  control  in  the  experiment  described 
below,  it  is  important  to  recognize  that  left-hand  performance  is  not  unimpaired.  It 
might  be  noted  that  studies  have  also  indicated  that  changes  associated  with 
Parkinson's  disease  tend  to  be  bilateral  even  if  markedly  asymmetric.’ 

4.  Reaction  time.  In  a  task  developed  for  studying  possible  effects  of  line-drawing 
movement  complexity  on  reaction  lime,  it  was  found  that  M.F.’s  simple  and  choice 
reaction  were  slower  than  normal  controls.  The  median  latency  of  the  right  hand  was 
some  16  msec  longer  than  that  of  the  left  hand. 

5.  Maximum  rate  of  tapping.  The  maximum  tapping  rate  was  slower  in  the  right 
hand  (315  msec  per  tap)  than  in  the  left  hand  (215  msec  per  tap).  Both  values  are 
longer  than  the  normal  range." 


EXPERIMENT 

Task 

The  subject  was  seated  with  the  arm  used  for  tapping  resting  on  a  table.  \  touch 
plate  was  placed  in  front  of  the  subject  who  placed  her  hand  on  it.  palm  dow  n.  Tapping 
the  index  finger  on  the  touch  plate  completed  a  low-voltage  electrical  circuit,  which 
provided  a  pulse  to  an  Apple  II  computer,  allowing  lime  of  contact  to  be  measured  to 
the  nearest  millisecond. 

On  each  trial  a  series  of  20  brief,  clearly  audible  tones  were  presented  at  regular 
intervals  under  computer  control.  The  standard  intervals  used  were  450  and  550  msec 
The  subject  was  instructed  to  use  movements  at  the  carpo-metaca rpophalange.il  joint 
to  tap  in  synchrony  with  these  tones  and  tocontinue  tapping  at  the  same  rate  when  the 


TABI.F  l.  Reciprocal  Tapping  Task:  Time  per  Tap  (msec)  as  a  Function  of  Fared 
Distance  and  Width  for  Patient  M.F. 
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